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Abstract 
Shoulder dysfunction is common and accounts for around four million days of sick leave in the 
UK each year. Treatment approaches aim to reduce pain, and improve range of motion (ROM). 
However, patient adherence to therapeutic regimes is poor, partly due to pain avoidance 
behaviour and lack of engaging therapeutic exercises.  
Virtual Rehabilitation is an area of healthcare which combines physical therapy with Virtual 
Reality (VR). It has been shown to facilitate patient engagement and reduce pain perception. 
Reaching and grasping tasks are well suited to VR applications, and there are a number of 
studies using VR to explore upper limb motion. However, current approaches for evaluating 
active shoulder rotation are problematic.  A functional test known as Apley’s Scratch test could 
potentially be adapted with magnetic motion tracking, to provide an objective proxy rotation 
measure to assess changes in ROM in a VR context.  
An empirical study demonstrated that active rotational movements of the shoulder could be 
successfully tracked in VR, and that there was evidence of pain suppression during the motion 
tasks. In addition, head tracking for patients with shoulder and neck pain, was addressed using 
a novel eye-hand tracking approach. In addition, observations of participants revealed 
aberrant motion patterns that could compromise rehabilitation outcomes.  
Despite providing depth cues in the VE itself, analysis suggested that a number of participants 
remained unsure of the spatial location of the target object which would lead to suboptimal 
movement behaviour. It was hypothesised that target object geometry may have a particular 
role in distance judgments, such that a simple icosahedron would provide richer cues with 
lower computational demand than commonly used spheres or detailed realistic modelled 
geometry. It was also proposed that providing a proximity cue using exaggerated brightness 
changes might improve the ability to locate and grasp the object in virtual space. 
Empirical studies demonstrated that the sphere had a significantly higher duration of time-to-
target required in the terminal phase of reaching. Furthermore they demonstrated that a 
simple icosahedron was more effectively located in virtual space than the sphere object, and 
performed as well as a more computationally complex “realistic” model. 
The introduction of richer visual cues only in the terminal phase of reaching was ineffective as 
was the use of brightness as a proximity cue demonstrating that the use of richer geometry 
cues throughout was more influential. Nevertheless whilst target object geometry can 
facilitate spatial perception and influence reaching and grasping task performance, it was not 
associated with a reduction in arm elevation rigid system behaviour, suggesting other factors 
still warrant further investigation.  
This thesis demonstrates that the visual properties of the VE component of a VR system, and 
specifically the target objects within it, should be taken into consideration when designing 
spatial perception or reaching tasks in VR, especially within a rehabilitation context. 
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1. Introduction  
Movement of the upper limb and shoulder joint complex, even during simple everyday tasks, 
requires real-time integration of visual and proprioceptive sensory input, and coordinated 
motor output. This involves the precise control of over 40 individual muscles and their 
associated structures (Warfel, 1993). Errors due to dysfunction, inappropriate use, fatigue, or 
injury may lead to poor performance and increased propensity for further injury. 
Shoulder dysfunction, with concomitant restriction and pain, is relatively common (Green, 
Buchbinder, & Hetrick, 2003) with both traumatic and atraumatic aetiology. After neck and low 
back pain, shoulder pain is reportedly the most common presenting musculoskeletal 
complaint, accounting for 16% of all musculoskeletal complaints (Urwin et al., 1998). Shoulder 
problems are a significant cause of morbidity and disability in the general population of the UK 
with prevalence of shoulder pain estimated to be around 7% (Urwin, et al., 1998) rising to 26% 
in the elderly  (Chard, Hazleman, Hazleman, King, & Reiss, 1991). 
There are a variety of approaches for the treatment of upper limb dysfunction, with most 
aimed at reducing inflammation and pain and improving movement. However, adherence to 
conventional therapy remains poor (Forkan et al., 2006; Hardage et al., 2007; Resnick et al., 
2007), and novel approaches are being investigated to address this issue. 
Virtual Reality (VR) appears to offer a potential solution to some of the issues with 
conventional therapy, and has been shown to increase engagement (Rizzo & Kim, 2005) and 
decrease the perception of pain (Hoffman, Richards, Coda, Bills, Blough, Richards, Sharar, 
2004).  However, there has been little work to date investigating how components of the 
Virtual Environment (VE) may influence upper limb motion during VR tasks, and there is little 
data to inform the design and implementation of VR systems for shoulder rehabilitation. 
To maximise the potential benefits of VR rehabilitation, it is appropriate to explore the 
conventional approaches to assessment and treatment, in order to evaluate how they can be 
best integrated into a virtual rehabilitation system. It is also necessary to investigate how the 
unique properties of VR may influence movement behaviour and task performance.  
1.1 Shoulder Disorders and diagnosis 
A review conducted in 1995 suggests that musculoskeletal disorders of the upper limb and 
neck area were the cause of 4.2 million days of sick leave in the UK, accounting for 42% of all 
sick leave due to musculoskeletal disorders (Jones, Hodgson, Clegg, & Elliot, 1998). The effects 
of shoulder conditions can be profound and can be associated with significant impairments 
and marked disabilities affecting Activities of Daily Living (ADL) as well as ongoing adverse 
affects on patients’ employment, perception of independence, sleep patterns, social and 
domestic activities. All of which have significant implications for their quality of life and 
economic burden (Croft, Pope, & Silman, 1996; Linsell et al., 2006).  The prognosis is generally 
poor with around 40–50% continuing to have symptoms or even considerable functional 
impairment up to 2 years after their initial presentation (Croft, et al., 1996; van der Heijden, 
1999; van der Windt et al., 1996; Winters, Sobel, Groenier, Arendzen, & Meyboom-de Jong, 
1999). 
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Reported incidence and prevalence values vary considerably and are complicated by the 
number of referrals that occur without diagnosis or with misdiagnosis (Linsell, et al., 2006) due 
in part to the complexities of the condition. Social estimates of occurrence that do not report 
to their G.P. may suggest a higher incidence still (Chard, et al., 1991).   
The array of potential shoulder related conditions is quite broad, reflecting the complexities of 
the joint itself. Most shoulder conditions that are not directly caused by an underlying 
pathology (and even some that do) are often concerned with the soft tissue structures of the 
shoulder joint (glenohumeral complex) where potential damage or impingement may occur to 
a variety of tissues including the joint capsule, glenoid labrum, stabilising ligaments, accessory 
bursae as well as tendons fascia and musculature of around 20 muscles (Warfel, 1993).  
Diagnostic terms themselves for shoulder conditions are not always consistent, although much 
of this inconsistency may be due to the complex and overlapping symptoms present, some of 
this relates to the nature of classification in this regard. Disorders can be classified by 
pathological process, anatomical localizations, mechanism, or aetiology. Furthermore, their 
nomenclature and terminology may also reflect the medical specialisations consulted, whilst 
each specialist in turn may have a full understanding of the issues concerned, the similarities 
and interrelatedness of presenting conditions coupled with this lack of consistency, has led to 
classifications and diagnostic labels being used interchangeably and with poor agreement 
across disciplines (Bamji, Erhardt, Price, & Williams, 1996; de Winter et al., 1999; Liesdek, van 
der Windt, Koes, & Bouter, 1997; Linsell, et al., 2006; May, Chance-Larsen, Littlewood, Lomas, 
& Saad, 2010).  
Regular verification, review of differential diagnoses and intertester and intratester reliability 
in testing methods are therefore important factors in determining treatment intervention 
strategies and progress. However, the overlying structures of the shoulder joint coupled with 
its 6 degrees of freedom in terms of movement means that some methods of testing, for 
instance when determining active and passive Range Of Motion (ROM), have arguably yet to 
attain such dependable consistency despite rigorous approaches to standardise such measures 
(Carter et al., 2012; Kolber & Hanney, 2012; MacDermid, Chesworth, Patterson, & Roth, 1999; 
May & Ross, 2009). A review of clinical measures, such as goniometric measurements of joint 
angles and ROM, suggest that intra- and inter-observer measurement errors for passive ROM 
are contentious at best, and for active ROM, reliability is poor and errors may be considerable 
(Christensen, 1999; Conboy, Morris, Kiss, & Carr, 1996; de Winter et al., 2004; Riddle, 
Rothstein, & Lamb, 1987; T'Jonck et al., 1997; Triffitt, Wildin, & Hajioff, 1999; Youdas, Bogard, 
& Suman, 1993). Furthermore, such measures when analysing dynamic motion may have to 
rely on either subjective descriptions of motion patterns, or alternatively, when eliciting 
objective values, these typically relate to a static snapshot of maximal ROM, which may have 
to conform to prescribed artificial constraints that might not always reflect normal movement 
and behaviours. 
1.2. Conventional Therapy  
1.2.1. Treatment interventions 
Whilst the range of conditions may be broad, the treatment approaches adopted share many 
commonalities. Excluding those with underlying pathology, most musculoskeletal conditions 
have a common set of treatment aims and are typically approached with similar intervention 
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strategies with the intent to reduce inflammation and pain, maintain movement and gradually 
increase ROM.  
Conventional conservative treatment (i.e. where surgical procedures are not indicated) favours 
early intervention and usually involves analgesics (where necessary to manage pain), non 
steroidal anti inflammatory medication (NSAIDs) to reduce inflammation, although the 
injection of steroids may sometimes be indicated. Primarily though, rehabilitation treatment 
strategies are centred on physical therapy, with the aim to restore normal function and ROM 
(Green, et al., 2003; van der Heijden, 1999). However, current research remains inconclusive 
as to their efficacy in this regard (Buchbinder, Green, & Youd, 2003; Diercks & Stevens, 2004; 
Green, Buchbinder, Glazier, & Forbes, 2000). Therapeutic exercises to promote the range of 
motion in the affected joint have been shown to improve physical function (Green, et al., 
2003). 
Physical therapy has traditionally employed strategies that involve physical manipulation of 
tissues and structures, coupled with rehabilitative exercises that are administered passively by 
the therapist at first and then actively employed by the patient. This is then often transferred 
to ongoing prescribed active exercises that the patient then has to effectively self administer 
without direct feedback. These often require repetitive movements that may elicit pain, 
particularly in the early stages following injury. Whilst a regular review of progress is normal, it 
is simply not viable for constant supervision of patient exercises and this step in patient 
recovery can often become a weak link, as patient adherence or compliance with treatment 
strategies in general, and home exercise programmes in particular, can be notoriously poor or 
ineffectual (Hardage, et al., 2007; van Dulmen et al., 2007) and as yet a solution to this 
problem is not readily apparent (Section 1.2.3.).  
1.2.2. Chronic conditions 
If early effective treatment and rehabilitation strategies are not implemented and followed, 
then post acute and chronic conditions are often accompanied by stiffness and reduced active 
ROM, largely due to an increase in resting muscle tone around the injured area. This 
hypertonicity, serves in the short term to protect against, and limit, extreme movements that 
might further injure the affected area. However, in the long term, if unchecked, it can lead to 
further restriction, pain and fatigue. In some cases more extreme avoidance behaviour can be 
adopted by some individuals where the affected area is not used at all unless necessary. Often 
this is not a physical limitation but a psychological one. Consequently anticipation or fear of 
pain may affect the patient’s behaviour and even neuromuscular function (Vlaeyen & Linton, 
2000), which can be a further hindrance to rehabilitation.   
Such behaviour is also commonly associated with artificially reducing the speed of movement 
actions. In the early stages of illness or injury, slow movements can be beneficial to reduce the 
magnitude and direction of forces on the body. However, individuals often fail to return to 
more normal movement patterns in the post acute or recovery stages, resulting in movements 
that are inefficient in terms of energy required (Simmonds, Goubert, Moseley, & Verbunt, 
2006) and may be aberrant in terms of muscle use and order of use. This leaves the individual 
with a propensity to further injury. Such psychomotor slowing is a common issue in many 
health conditions  (Harwood & Conroy, 2009), but in the long term may further compromise 
both function and rate of recovery (Ada, Dean, Hall, Bampton, & Crompton, 2003) with 
subsequent reductions in activity and increasing disability (Hart, Martelli, & Zasler, 2000).  
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Perhaps unsurprisingly then the prognosis for post acute musculoskeletal conditions of the 
shoulder is relatively poor in the medium term (1–2 years following initial presentation), with 
around 40–50% continuing to have symptoms or even considerable functional impairment 
(Croft, et al., 1996; van der Windt, et al., 1996; Winters, et al., 1999). Symptoms are 
particularly persistent in elderly people, with shoulder disorder often still causing problems 3 
years after first presentation (Chard, et al., 1991; Vecchio, Kavanagh, Hazleman, & King, 1995). 
Much of the restriction in chronic shoulder conditions then, is due to inflammation, muscle 
tightening and pain avoidance, reducing the ROM that can be actively carried out voluntarily. 
However, when muscle action is reduced, such as during passive ROM (e.g. when the clinician 
bears the load of the affected limb and moves it themselves without the patients muscular 
participation), then the possible movement range is only limited by the physical limitations of 
the structures and tissues themselves, and passive ROM can often exceed active ROM.  
Therefore following injury, illness and subsequent shoulder dysfunction, functional restriction 
can be greater than physical limitations of the shoulder joint complex alone.  For effective 
progress to be made in physical therapy, this discrepancy between active and passive maximal 
ROM needs to be reduced. This is typically achieved through promoting movements that 
exceed, and subsequently extend, the limitations of active ROM, by exploiting the ROM 
normally only available through passive movement. Whilst this can be carried out by a 
clinician, the subsequent reliance on the patient to voluntarily engage with an exercise 
regimen to further these aims may be unreliable. However, conventional approaches to 
treatment are not easily able to address the problem of facilitating greater ROM, without 
ongoing, active, intervention by a physical therapist, and, despite the socioeconomic and 
healthcare burdens resulting from the impact of shoulder disorders among the general 
population, most conventional approaches have remained relatively unchanged and it remains 
a prevalent problem. Physical therapy and rehabilitation strategies for shoulder conditions 
involve many different issues that need consideration and present a number of opportunities, 
as well as constraints, for novel approaches.  
1.2.3. Lack of adherence to therapy 
One of the most common issues with conventional therapy approaches is the necessitated 
reliance on patients engaging and adhering  with unsupervised,  self motivated,  physical 
exercise and activity regimens prescribed by the physical therapist. Whilst many patients may 
carry out their prescribed exercises diligently, in some cases patients when unsupervised may 
adapt exercises to alleviate the worst pain, creating movements that may have questionable 
therapeutic value. Moreover, some will simply not continue to perform the necessary 
exercises due to pain avoidance, social pressures, lack of faith in the treatment or even 
boredom and loss of engagement. The medical literature lists around 200 factors that 
influence adherence or compliance (Sackett, 1979; van Campen & Sluijs, 1989). 
This lack of adherence to treatment regimens is a well documented concern (e.g. Forkan, et al., 
2006; Hardage, et al., 2007; Hendry, Williams, Markland, Wilkinson, & Maddison, 2006; 
Resnick, et al., 2007) although precise figures are difficult to ascertain due to the nature of self 
reporting (Feinstein, 1979; Gordis, 1979).  However, where means of verification can be drawn 
upon, it has been suggested that less than half of patients complete home exercise 
programmes (Hardage, et al., 2007). Adherence or compliance issues are not unique to 
shoulder conditions nor with physical exercise regimens for rehabilitation in general. It  is a 
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widespread issue that is problematic across a variety of different conditions and physical 
therapy intervention approaches and in this regard shoulder pain does not appear to elicit 
significantly different behaviour in patient compliance than across a range of other common 
disorders (Sluijs, Kok, & van der Zee, 1993).   
A number of cognitive models and stategies have been put forward to evaluate perceived 
factors and personal beliefs, and even as predictive aids  (Jordan, Holden, Mason, & Foster, 
2010; Medina-Mirapeix, Escolar-Reina, Gascon-Canovas, Montilla-Herrador, & Collins, 2009; 
Sirur, Richardson, Wishart, & Hanna, 2009; Sluijs, et al., 1993). Whilst there are commonalities, 
most agree that the factors are interrelated and complex, and although some generalisations 
may be useful, the factors may reflect the unique experiences and beliefs of the individual and 
the weighting they give each factor (Sackett, 1979; van Campen & Sluijs, 1989). 
However, some factors that come to light from these various investigations do not necessarily 
need to be addressed individually, nor even identified with the individual patient, as many can 
be grouped together with a generic  anticipatory strategy. Sluijs, et al. (1993) suggested that 
the three common factors for noncompliance were firstly the barriers patients perceive and 
encounter to actively engaging with the rehabilitation regimen in their daily lives, secondly the 
lack of positive feedback, and thirdly their degree of perceived helplessness. The first factor 
shows the strongest relation with noncompliance (Sluijs, et al., 1993). However, this first factor 
is quite broad, covering time commitments through to pain and stiffness. Nevertheless, these 
three categories broadly demonstrate areas to approach. Studies since have continued to 
report a similar pattern of perceived factors. For example, Hendry et al. (2006) noted the most 
significant factors included pain and stiffness, lack of social support and boredom when 
exercising. Similarly Forkan et al. (2006) reported that the barrier most associated with 
reduced adherence was lack of interest or enjoyment in the exercise. 
Adherence is particularly problematic with respect to home-based exercise programmes 
where adherence is only around 42% (Hardage, et al., 2007). Actual adherence may even be 
lower due to the nature of self reporting (Feinstein, 1979; Gordis, 1979). In a clinical review, 
physical therapists themselves estimate that 64% of their patients comply with short-term 
exercise regimens, but that only 23% of them persevere with exercising in the long term (Sluijs 
& Kuijper, 1990). This issue needs addressing and there is clearly a need for a more engaging 
and effective therapeutic approach as well as possibly a more effective means of patient 
accountability and monitoring. The role of the patients’ clinician should not be underestimated 
in this regard. Patients whose compliance is being monitored and who receive feedback about  
their efforts and progress,  comply better than patients without supervision (Blackwell, 1978; 
Dunbar, Marshall, & Hovel, 1979; Epstein & Cluss, 1982; Haynes, Wang, & Da Mota Gomes, 
1987; Knapp, 1988; Martin et al., 1984; Sackett, 1979).  Oldridge reported  that "adherence 
dropped from 59%  in a supervised programme,  to just 29%,  after 6 months of unsupervised 
exercise (Oldridge, 1985). Maintaining such a high level of monitoring through conventional 
face-to-face appointments would place a considerable if not untenable burden on healthcare 
services, however. 
Any  novel rehabilitation strategy approach that intends to augment physical therapy, needs to 
consider effective means to encourage and motivate patients to actively engage with their 
rehabilitation and exercise regimens and adhere to the prescribed movements. Furthermore, it 
needs to ensure this is sustained and monitored efficiently in a manner that is viable and not 
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overly burdensome on healthcare services. This has been an ongoing issue for treatment 
strategies and as such has attracted many approaches documented in the literature and yet 
implemented with arguably limited success. However, some research has suggested that 
Virtual Reality (VR) and telerehabilitation may have the potential to facilitate engagement with 
therapy and address a number of the issues raised here. 
1.3. Virtual Reality for Rehabilitation. 
Developments in computer processing capabilities, novel hardware inputs that allow various 
forms of motion tracking and interaction, coupled with improved display sytems,  have allowed 
a broad array of applications to emerge within the field of human computer interaction (HCI). 
The potential to be immersed into a computer-generated environment whose characteristics 
can be predetermined by the intent of a designer and yet allows interaction and responses 
with the intent of the user is not entirely new and indeed has been the realm of computer or 
video games for some time, which often attempt a narrative constrained simulacrum of reality. 
Much of this technology has shaped and developed VR but perhaps the extent to which VR 
differs lies in its deliberate intention to make the user “feel” as though they themselves are 
present in the environment and that their actions and interactions are actually occuring, rather 
than simulated through a medium or interface device. This synthetic experience (Kim, 2005), 
and the methods and degree to which this is attempted, vary considerably, but it is the means 
of direct faithful, simulation of action and interaction, seamlessly integrated with the richness 
of sensory feedback, that demands cognitive attention, and rewards users with increased 
immersion, and arguably a sense of “being there”.  Definitions of VR vary, but in essence are 
similar to that put forward by Craig, Sherman & Will  (2009): 
“A medium composed of interactive computer simulations that sense the participant's position 
and actions, providing synthetic feedback to one or more senses, giving the feeling of being 
immersed or being present in the simulation”. 
Within the field of physical rehabilitation certain properties of VR have emerged in recent 
years that have demonstrated its usefulness in a rehabilitation context (Rizzo & Kim, 2005; 
Sveistrup, 2004) and offer real potential for future development. It would seem that a number 
of the issues highlighted as problems in conventional therapy (Section 1.2.) could be addressed 
utilising VR. VR has been shown to increase engagement with therapy (Bryanton et al., 2006; 
Rizzo et al., 2005; Thornton et al., 2005) and provide distraction from pain (e.g. Hoffman, 
Richards, Coda, Bills, Blough, Richards, Sharar, 2004; Hoffman, Doctor, Patterson, Carrougher, 
& Furness, 2000; Hoffman, Garcia-Palacios, Kapa, Beecher, & Sharar, 2003; Hoffman et al., 
2001). It has demonstrated an ability to aid neurological and physical rehabilitation (Jack et al., 
2001; Kizony, Katz, & Weiss, 2003; Merians et al., 2002; Piron, Cenni, Tonin, & Dam, 2001; 
Sveistrup et al., 2003) and offers the potential to objectively record movement patterns for 
either monitoring patient adherence and performance remotely (telerehabilitation) or at least 
to review the collected motion pattern data during periodic reviews (Rizzo & Kim, 2005).  
In a broader context for rehabilitation particularly following stroke, traumatic brain injury, or 
other neurological trauma or disorders, VR has demonstrated some significant potential for 
long term gains in motor learning. The brain demonstrates a remarkable neural plasticity, 
allowing re-dedication, retraining and facilitation of neural pathways in response to practice, 
familiarisation, attention, and training and conversely changes arising from trauma or neglect. 
The resultant cortical rearrangement to enhance neural pathways and associated connections 
7 
in response to reinforced patterns of motor behaviour is often referred to as motor learning. 
Motor learning was described as a "relatively permanent" change, resulting from practice or a 
novel experience, in the capability for responding (Guthrie, 1952). Such “relatively permanent” 
change is obviously significant for rehabilitation outcomes. A number of key elements have 
been identified as factors that can enhance motor learning, notably regular repetition, 
feedback, and motivation (Holden, 2005), which are traditional components of many 
rehabilitation strategies.  
Repetition of tasks needs to be frequent enough in order to reinforce motor learning. Task 
repetition should relate to incremental success in performance at some task or goal which 
must be both realistically achievable and yet appropriately challenging. Goals represent what 
an individual attempts to achieve and do not always reflect the designers or clinicians long 
term aims but must be recognisable to the individual patient as pertinent to their improved 
functionality. The individual’s perception of goals interact with the environment surrounding 
the individual and the individual’s understanding or beliefs of their own attributes, to 
determine the resulting pattern of movement coordination (Jeannerod, 1994; Davis & Burton, 
1991). It is known that the successful execution of movement such as reaching and grasping 
tasks depend not only on visuo-motor feedback whilst carrying out the task (Bagesteiro, 
Sarlegna, Sainburg, 2006) but also on the pre-planning stage prior to movement initiation 
(Jeanerrod, 1994). Pre-movement planning utilises motor imagery or visualisation and involves 
neuralmechanisms similar to those operating during the actual movement action (Jeannerod, 
1994; Jeannerod, 1997). Imagined actions retain many of the same the same neural 
characteristics as the corresponding real action including the relative timings (Decety, 
Jeannerod, & Prablanc, 1989). Furthermore, if an individual is required to imagine or estimate 
the feasibility of an action, such as grasping an object placed at different orientations, then the 
time required to deliver the response is a function of the object’s orientation, implying that the 
individual mentally simulates moving their arm to the appropriate position before a response 
is delivered. Indeed, the time to make this estimate is closely similar to the time taken to 
actually reach and grasp an object placed at the same orientation (Frak, Paulignan, & 
Jeannerod, 2001). Therefore accurate spatial determination is likely to be a vital component of 
pre-planning and motor learning. It is possible to visualise a motor task using entirely mental 
imagery. However, just imagining a task does not lend itself well to the repetition, motivation 
and feedback of actions necessary for optimal motor learning. Furthermore, some individuals 
find this difficult to achieve (Sharma, Pomeroy & Baron, 2006) and if few if any could find such 
an approach engaging.  
It has been suggested that functionally important or meaningful tasks increase the motivation 
as well as the precision of performance (Reed, 1982), which in turn improves motor learning.  
Studies have compared pronation and supination exercises to the same motion performed in 
order to bang a drum, (Van der Weel, Van der Meer & Lee, 1991) reach and point tasks to an 
abstract position or to interact with an electronic game  (Sietsema, Nelson, Mulder, Mervau-
Scheidel, & White, 1993) supination exercises, compared using the basic exercise or a dice 
game, (Nelson, Konosky, Fleharty, Webb, Newer & Hazboun, 1996) in each case task 
performance was found to be improved in speed and range of motion in the functionally 
meaningful task compared to the imagined or abstract exercise. Similarly Wu & Lin (1996) 
compared reach to grasp tasks with a higher functional task (taking a drink from a cup of 
water) and a lower functional task (moving the cup of water) and demonstrated that 
8 
movements were typically faster and more direct in the higher functional task. In order for 
incremental successes in task performance to be recognised by the individual, feedback is vital 
both as discernible in-task achievements as well as long term improvements therefore 
imagined tasks lack a number of desirable qualities. 
Virtual Reality (VR) can provide a rich visual context with meaningful tasks, with object 
affordances and ecologically valid tasks which support the meaningful higher functional tasks 
that promote motor learning. The rich graphical environments of VR can be used to create the 
visual imagery required for movement planning. In addition, within a virtual environment, the 
performance feedback can be enhanced or exaggerated relative to feedback that would occur 
in real world practice (Holden, 2005). Evidence in the literature would suggest that individuals 
with disabilities are capable of motor learning within virtual environments and that 
movements learned by such individuals in VR, transfer to the real world equivalent motor tasks 
in most cases, and may even generalize to improvements in other motor tasks (Holden, 2005). 
In studies comparing motor learning in real versus virtual environments, VR training has 
typically been found to be advantageous (Holden, 2005). 
A further potentially unique feature that VR brings to the rehabilitation forum is the ability to 
present elements within the virtual environment (VE) whose visual perception and interactive 
properties can be manipulated to have precisely determined characteristics, or even 
discrepancies, in order to subtly influence participant behaviour. A number of therapeutically 
useful insights have been described in the literature by manipulating elements such as relative 
motion gearing to the VE and optic flow (Powell, Hand, Stevens, & Simmonds, 2006; Powell, 
Stevens, Hand, & Simmonds, 2007), contralateral visualisation of mirrored or avatar 
representations of the opposite limb (Murray, Patchick, Pettifer, Caillette, & Howard, 2006) 
and there may be potential to manipulate spatial perception of egocentric distances by 
displacing objects from their virtual point of interaction or potentially manipulating visual 
depth cues of target objects to influence reaching and these among other mechanisms have 
yet to be evaluated and warrant further investigation for other applications (Section 4.3.). 
All of this, from the perspective of  both the clinician and the patient, can be delivered in a 
manner where both the real and virtual environment (VE), and the therapeutic simulated tasks 
within it, can be conducted in a meaningful, precise, repeatable, controlled and  safe 
environment, with minimal risk (Merians, et al., 2002; Rizzo & Kim, 2005; Sveistrup, 2004). 
1.3.1. Virtual Reality and Patient Engagement 
It seems both likely and intuitive that patients will engage more with therapy if it is more 
enjoyable and immediately rewarding to do so and the available literature would seem to 
endorse this approach (Bryanton, et al., 2006; Kizony, et al., 2003; Rizzo & Kim, 2005; 
Thornton, et al., 2005). Rizzo and Kim (2005) suggested that the interactivity of VR may be able 
to distract patients by focusing on the visual engagement of the task and this distraction 
element is a widely accepted explanation of observations. A number of studies have also 
suggested that immersion and flow as components of gameplay or challenge adopted in many 
VR tasks contribute to, or enhance this effect. In addition it has been suggested based on 
commonalities in neuroscience research (Biederman, 2002) that there may be a direct 
physiological component of immersive VR, which elicits a pleasurable, opiate based, 
neurotransmitter response to the combined novel sensory stimuli presented in a VE and that 
this contributes to patient engagement (Rizzo & Kim, 2005). Anecdotal accounts and 
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qualitative reports over numerous studies are consistent with the notion that patients appear 
to engage well with tasks in VR. However, relatively few studies have directly measured 
engagement or its components in a virtual rehabilitation context and those that have, have not 
always utilised objective or consistent measures (Attfield, Kazai, Lalmas, & Pewowarski, 2011) 
but rely primarily on subjective self reporting and questionnaires. Nevertheless, the evidence 
available would suggest that VR offers an enjoyable and engaging experience, which may 
therefore increase adherence to otherwise arduous physical therapy regimens, even in the 
absence of a supervising therapist (e.g. Bryanton, et al., 2006). 
Engagement within VR, whether through the sensory enriched environments, the gameplay, or 
other elements, seems to be consistently observed and reported although not robustly 
measured. Although a number of other disciplines employ an array of methods to determine 
levels of engagement (Attfield, et al., 2011), as yet, the terms immersion, engagement and 
presence seem to be applied and discussed with considerable crossover within VR, and a clear 
standardised approach for measurement appears elusive. Nevertheless its general 
characteristics seem readily apparent and its role in this context remains compelling enough to 
warrant due consideration. 
1.3.2. Virtual Reality and Reduced Pain Perception 
The sensation of pain, whilst unpleasant, obviously has vital functions including notifying of 
injury and creating an apprehension that serves to modify physiological and psychomotor 
behaviour, in order to reduce the propensity of further injury through limiting the extent of 
ROM and the speed of motion. However, this behaviour itself, when prolonged, may become 
highly problematic in its own right and the psychological impact of functional limitations 
resulting from chronic pain can be highly detrimental to both recovery and strategies to aid 
rehabilitation (Feleus et al., 2007; Kuijpers et al., 2006).  The perception of pain is complex and 
its effects can have profound and far reaching consequences on ADL, working life and social 
interaction, particularly in prolonged chronic pain and ongoing subsequent disability.  
There is evidence that flooding the senses with a rich input of potentially distracting stimuli 
will in effect compete with pain signals, (Eccleston & Crombez, 1999; Grigsby, Rosenberg, & 
Busenbark, 1995; Hart, et al., 2000), thereby reducing the attention afforded to the pain 
stimuli and subsequently decreasing the perception of pain. Therefore judicious use of 
distraction techniques, nerve stimulation (e.g. transcutaneous electrical nerve stimulation, 
TENS) or multisensory stimuli (e.g. VR) could reduce the attention to the perception of pain 
(Hart, et al., 2000; Kleiber & Harper, 1999).  Studies using VR seem to support this as the 
immersive and rich multisensory stimuli within interactive VEs have been associated with 
distraction from the attention to pain, and a number of research groups are now 
systematically studying this phenomenon and yielding effective and clinically applicable 
insights (Gershon, Zimand, Lemos, Rothbaum, & Hodges, 2003; Gutierrez-Maldonado, 
Gutierrez-Martinez, & Cabas-Hoyos, 2011; Gutierrez-Martinez, Gutierrez-Maldonado, Cabas-
Hoyos, & Loreto, 2010; Hoffman, et al., 2003; Hoffman, Patterson, & Carrougher, 2000; 
Hoffman, et al., 2001; Hoffman et al., 2004; Simmonds & Shahrbanian, 2008).  
Furthermore, Hoffman et al. (2004) found a significant reduction in activity in the pain-related 
areas in the brain during interaction with VR, suggesting that the pain-reducing properties 
seen with VR are unlikely to be due to distraction alone and may have a top-down pain 
suppressing component. 
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There is compelling evidence that VR can contribute significantly to reduced pain perception, 
and this effect may be usefully exploited in a rehabilitation context, not just for reducing 
unwanted pain but for its subsequent effects in reducing apprehension and pain avoidance 
movement behaviours (kinesiophobia) (Feleus, et al., 2007; Vlaeyen & Linton, 2000) with 
implications which include limiting ROM and normal motion behaviours. Furthermore, the 
reduction of pain has the ability to ameliorate the physiological mechanism that causes the 
undesired increase in muscle tonicity or spasm that often accompanies injury (or perceived 
injury e.g. referred pain) which would otherwise reduce the ROM directly during active 
motion. 
1.3.3. Virtual Reality and Shoulder Movement 
The effects of VR on the amelioration of pain perception can directly and indirectly influence 
movement limits, speed, and quality (Sections 1.3.2. & 1.2.2.). Pain is known to modulate 
shoulder muscle activation during voluntary movements, (Diederichsen, Winther, Dyhre-
Poulsen, Krogsgaard, & Nørregaard, 2009) which may well alter movement patterns. Therefore 
if pain perception is reduced then there is the potential to revert to more natural movement 
behaviour during therapeutic exercises. In addition, desired therapeutic movements can be 
encouraged by tasks designed into the VR application and can be actively promoted to the 
participant in a manner that can be potentially more engaging than conventional movement 
exercises (Section 1.3.1.). 
Moreover, VR provides a therapeutically stable environment whose characteristics and 
parameters can be controlled to suit the circumstances, and can be reproduced identically and 
repetitively, or modified in response to participants’ therapeutic needs, whilst recording the 
appropriate behavioural responses, as rehabilitation progresses.  Thus, VR has some 
interesting aspects with potential to modify and improve movement behaviours in real time, 
as different components of the perceived VE and the participants interaction within it, can be 
manipulated in ways that would not be readily achievable in a real world setting. This offers a 
number of therapeutic possibilities. However, the relative contributions from these 
components are diverse and interrelated and as yet have still not been fully explored (Section 
1.4.). 
These elements of VR, among others, provide a theoretical framework that allows key 
elements of long term physical rehabilitation gains to be supported. Perhaps one of the most 
important of these is in retraining and restoring controlled movements for goal orientated 
tasks through repetition and practice of requisite functional movements, which allows 
reinforcement of neural pathways. The apparent facilitation of reorganisation of plastic neural 
pathways that aid long term recovery is a notable benefit within VR (particularly with regard to 
conditions such as stroke, although similar benefits relate to any retraining of previously lost 
functionality). This can be achieved by allowing patients to perform, practise and engage with 
functional tasks in a safe simulated environment.  
This reinforcement of practising tasks is significant, as studies emphasize that early 
intervention (Chae et al., 1998; Johansson, 2000; Wade, Wood, & Hewer, 1985) with intensive 
practise of active functional tasks (Dean & Mackey, 1992; Kwakkel, Wagenaar, Koelman, 
Lankhorst, & Koetsier, 1997; Kwakkel, Wagenaar, Twisk, Lankhorst, & Koetsier, 1999; 
Langhorne, Wagenaar, & Partridge, 1996; Oujamaa, Relave, Froger, Mottet, & Pelissier, 2009; 
Smith, Macko, Silver, & Goldberg, 1998; Smith, Silver, Goldberg, & Macko, 1999; Tinson, 1989) 
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particularly in an enriched environment, such as VEs, leads to greater positive outcome gains 
for upper limb rehabilitation (Bennett, 1976; Grabowski, Sorensen, Mattsson, Zimmer, & 
Johansson, 1995; Ohlsson & Johansson, 1995; Rosenzweig, 1980)  by facilitating neural 
reorganisation of the cerebral cortex (Oujamaa, et al., 2009; Saleh et al., 2011; Thompson, 
Thickbroom, Laing, Wilson, & Mastaglia, 1996; Traversa, Cicinelli, Bassi, Rossini, & Bernardi, 
1997; You et al., 2005). These tasks can either be related to as purposeful, or more directly as 
simulations, of pertinent tasks that they need to conduct in the real world, providing 
ecologically valid transferable realism.   
Studies by Viau, Feldman, McFadyen & Levin (2004) and Levin, Knaut, Magdalon and 
Subramanian (2009) have concluded that movement patterns in VR are comparable to those in 
the real world and are transferable. This supports the use of VR for physical rehabilitation and 
its employment for ecologically valid tasks. However, there remain some issues and whilst 
some studies have attempted to match therapeutic tasks to ecologically valid simulations, 
many have not. Furthermore, where such studies have been attempted with regard to the 
upper limb, the overall emphasis tends to either focus on hand reaching and grasping or 
generalised increased ROM of the upper limb. Few studies focus on the relative importance of 
coordinated and controlled unrestricted ROM at the shoulder complex, which contributes to 
the final hand positioning which is a vital component and a common limitation. 
Where hand reaching and grasping is the main therapeutic goal, which, whilst evidently a 
necessity in ADL, without the coordination and precise positioning of the shoulder complex, 
such actions will only impart limited benefits in a real world environment  (e.g. being able to 
reach and grasp a cup handle and lift the cup is clearly of benefit but being able to carry the 
cup, or lift it down from a cupboard or move it in a controlled manner to the participant’s 
mouth requires controlled shoulder motion which, when coupled together, conveys far more 
meaningful benefits). Furthermore, a number of such studies are conducted with the 
participant seated or with the upper limb constrained to reduce the complexities of recording 
perceived extraneous moments (Eng et al., 2007; Kuttuva et al., 2006; Levin, et al., 2009; Viau, 
et al., 2004). This would only partially reflect natural movements required in ADL and would 
influence normal muscle involvement, as studies also indicate the relative importance of the 
contributions imparted by the unrestrained motion from the body that facilitate normal 
motion behaviours for the upper limb (Levin, Michaelsen, Cirstea, & Roby-Brami, 2002; Rossi, 
Mitnitski, & Feldman, 2002).  
Where generalised upper limb motion and ROM are the main focus, many studies utilise point 
intercept tasks (Kizony, et al., 2003; Rand, Kizony, & Weiss, 2004; Sveistrup, et al., 2003; 
Ustinova, Leonard, Cassavaugh, & Ingersoll, 2011) which whilst encouraging movement and 
engagement and therefore possessing some therapeutic value, nevertheless do not require 
controlled or precise interaction or positioning for a simulated end task. This can 
fundamentally affect the movement patterns used, compared to those during reaching and 
grasping phases in more ecologically valid tasks.  
Typically such tasks are accomplished through the target point being intercepted at any phase 
of the motion trajectory regardless of whether the participant is anticipating contact at that 
specific moment. Furthermore, the motion path itself is not critical to the task being recorded 
as successful and therefore the task itself, as a therapeutic modality, does not inherently 
distinguish between normal movement and aberrant movement employed to achieve the task 
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goal (although subsequent analysis after the event may highlight such data). To the system 
though, it doesn’t matter how the participant reaches the target. Tasks might be recorded as 
successful, even when achieved through atypical, deleterious, movement behaviours, 
uncontrolled, imprecise, trajectories or even a lack of pre-planned intent as to the final 
trajectory. This can allow the adoption of intercept strategies, which are far from 
therapeutically ideal. 
In addition, such intercept tasks are typically orientated around one plane of movement 
(commonly flexion or abduction) either by the parameters of the action task and its means of 
motion tracking (Sveistrup, et al., 2003) or directly by constraints (Kuttuva, et al., 2006) and 
even though ancillary data have sometimes been obtained for other functional movement 
planes, there are no studies specifically addressing or therapeutically encouraging the 
perceived complexities of internal and external rotation at the shoulder, despite its critical role 
in ADL. 
Whilst the incorporation of limitations or burdens to free movement is understandable in 
some cases (e.g. to reduce extraneous motion that is not the focus of the study design and 
that might complicate analysis), it has to be argued that such constraints will potentially affect 
the participants’ natural movement behaviour and that in this regard using VR with either its 
potential for ecologically valid therapeutic roles or for its analysis of movement kinetics, is 
potentially questionable. 
An underpinning assumption for VR and motor rehabilitation is the claim that movement in VR 
is essentially comparable to the real world, and similar enough for generalisations in virtual 
tasks to be made. Subsequent assumptions that rehabilitation tasks are valid and transferable, 
have however been bolstered by findings from various studies comparing such movements 
(Levin, et al., 2009; Viau, et al., 2004). Whilst this may be “broadly” true for many action 
movement patterns, nevertheless the findings of those same experiments coupled with 
documented findings from those earlier studies (Levin, et al., 2009; Viau, et al., 2004) along 
with other empirical work   (Magdalon, Levin, Quevedo, & Michaelsen, 2008; Magdalon, 
Michaelsen, Quevedo, & Levin, 2011) reveal that, with regard to specific details of motion 
patterns, there are in fact some discernible differences. This obviously has implications for 
therapeutic use in certain reaching tasks, and therefore warrants further investigation 
(Sections 3.4.4. & 4.2.). 
Furthermore, it is possible that upper limb motion and spatial perception in these studies may 
have been influenced by certain visual factors inherent in the target objects common to many 
of these studies (Sections 4.3. & 6.4.). 
A closer analysis of movement behaviours among patients with shoulder disorders within 
studies in a VE, indicates aberrant motion patterns consistent with other documented findings 
(Section 3.4.4.). This therefore, needs to be investigated along with potential contributing 
factors. Their frequent dismissal should also be evaluated. Furthermore, whether they could 
be a contributing factor for frustration and fatigue, with potential to undermine the beneficial 
effects of pain reduction and engagement in a VR rehabilitation context, needs to be assessed. 
As part of this undertaking, it is apposite to attempt to implicate potential factors in VEs, and 
identify those that are notably inherent in the target objects commonly utilised in VR studies, 
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that may contribute to these issues, and subsequently test potential alternatives that may 
ameliorate some of this impact. 
1.4. The research question 
Although improving movement is the explicit aim of VR for physical rehabilitation, there is 
relatively little previous work specifically investigating the relative contribution of the 
elements within VR applications which may influence the quality of movement behaviours. 
Upper limb movement is complex involving a number of interrelated pathways requiring 
precise visuomotor control and coordination. Broadly speaking, reaching and grasping is 
controlled by integrating cues from information acquired during visual saccades, interpretation 
and implementation strategies from dorsolateral and dorsomedial portions of the parieto-
frontal network, with trajectory initiation preceding the corrective proprioceptive information 
determining action and modification phase (Dietz, 2002; Georgopoulos & Grillner, 1989; 
Prablanc, Desmurget, & Grea, 2003; Servos, 2000).  
The extrinsic sources of information upon which absolute distance judgements are based along 
with intrinsic proprioceptive control, provide information for prehensive anticipatory 
precision, and this information would be expected to be congruent in a normal stable, real 
world, environment. However, it cannot be assumed that a VE is perceived in the same way as 
a real environment, or that the sensory cues such as visual stimuli will be integrated with it in 
the same way as they are in normal physical environments. Upper limb motion behaviour is 
mediated by this sensory integration, therefore, it is possible that any perceptual or sensory 
differences, between real world experience and VR, may impact motion behaviour and spatial 
perception. 
VR offers the potential for use in the rehabilitation of shoulder restriction. However, there has 
been no investigation to date attempting to measure the effect of the potential influence of 
VR, on active shoulder rotation, whilst undertaking tasks within a rehabilitation context. 
Furthermore, it is likely that the anomalies in spatial and depth perception in VR and the visual 
characteristics of the virtual target objects commonly utilised may negatively impact reaching 
behaviour during therapeutic tasks, leading to unnecessary frustration and fatigue, but there is 
no systematic work investigating this issue.  
With this in mind, this investigation will consider some of the effects of the underlying or 
inherent components of the VE, and VR in general, whose properties can be manipulated to 
influence movement. Therefore the high level question being addressed in this thesis is: 
“How do the individual characteristics of designed elements in Virtual Reality influence upper 
limb motion?”  
In this regard, the “how” relates to the manner in which those manipulated influences are 
manifest in altered movement behaviours, rather than the underlying physiology, 
neurophysiology or psychology, which have been documented elsewhere or are subsequently 
matters for further investigation. Although, where pertinent, they will be contextualised in the 
appropriate sections. 
As a high level research question this starts out as quite broad and this is by necessity, as the 
area has not been previously investigated nor the problems defined. Results from this 
investigation may establish whether further investigation of the contributions of the 
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characteristics of discrete and interrelated elements of VEs is potentially a valid area of future 
research within the field of VR. 
Previous work with VR in a rehabilitation context has tended to be focussed on specific 
functional goals. The observation of changes in behaviour, pain perception, engagement or 
movement, in response to VR, has naturally focussed on outcomes. However, this has not 
generally addressed the underlying elements of VR that contribute to, or otherwise influence, 
those outcomes. The use of VR to date and particularly the represented elements of VE’s is 
somewhat ad hoc and often utilised without any coherent standardisation or underpinning 
rationale as to which elements of VR are complementary to the therapeutic aims and which 
may be detrimental. Thus, currently, it is not clear as to what extent changing any of the 
elements present in the wide diversity of VEs, in VR applications, might in turn affect the 
perceived outcomes or patient behaviour.   
A review of existing work (Chapter 2) did indeed show gaps in prior knowledge. These were 
investigated during a defined empirical programme to address specific issues. This 
investigation was further refined, by resolving successive issues, and addressing certain 
questions raised in the process. In order to progress, the study designs will address other 
related aspects that would concern the rehabilitation context of this work.  
i) Many approaches in VR physical rehabilitation for the upper limb tend to be focussed largely 
on the positioning and grasping of the hand in reaching tasks (often considering only one 
plane, e.g. flexion or abduction). However, many tasks in activities of daily living (ADL) involve 
hand positioning that requires a larger ROM at the shoulder utilising its 6 degrees of freedom 
(6 d.o.f.) sometimes to the relative limits of active ROM including internal (medial) and 
external (lateral) rotation of the shoulder joint (gleno-humeral joint), which have not been 
thoroughly addressed in the VR rehabilitation literature. Could VR be meaningfully applied to 
these complex non planar movements to assist conventional approaches with rotation at the 
shoulder taken to its active limit? (Section 3.2.). 
ii) VR by its very nature tends to be largely visually based, and much of its influence in physical 
rehabilitation and perceptual pain suppression is assumed to be due to its immersion and 
distraction qualities. With this in mind, will the relevant effects of VR be sustained in ROM 
tasks, where the upper limb movement itself passes outside the user’s line of sight (LOS) i.e. in 
full internal or external rotation? (Sections 3.2.2.3. & 3.3.). 
iii) Current approaches to representing the individual’s point of view are typically either to use 
a static large screen display or head motion tracking. For individuals with head and neck 
restriction this is not ideal. Can a reduced marker system for motion tracking provide an 
acceptable and viable approach for visualisation in VR of the point of view for individuals with 
neck and shoulder restriction? (Section 3.2.2.4.). 
iv) Current approaches for determining active rotational ROM are not viable for 
implementation for real time VR. Can a reduced marker system for motion tracking provide an 
acceptable and viable approach for measuring shoulder ROM during rotation? (Section 
3.2.2.3.). 
v) Considering the importance of visual elements in a VE, a number of VR studies have 
highlighted spatial or distance perception issues within VR. Current approaches in VR physical 
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rehabilitation have tended to either present simple primitive target objects with inherent 
narrative and low computational load (e.g. spheres) or non primitive ecologically valid models 
that aspire to approach realism necessitating a high computational load for the VE (e.g. coffee 
mugs, screwdrivers, pens, or within offices, kitchens, outdoor environments with relatively 
realistic rendering).  In physical VR rehabilitation, realism, whilst appealing, and having some 
ecological validity for certain tasks, has been shown to be not an essential requirement for 
clinical usefulness. However, it is not clear as to whether current simple target objects present 
sufficient visual cues for spatial perception, nor whether realism can be sacrificed further to 
improve user perception of the target’s absolute position with confidence.  
This investigation process then leads to a more refined question due the results and 
observations from the study conducted in Chapter 3 and the subsequent literature review 
(Sections 4.2. & 4.3.) which is then investigated in a related set of empirical studies (Chapters 5 
& 6) to address: 
 “How do the visual characteristics of target objects in Virtual Environments influence upper 
limb reaching behaviour?”  
 
1.5. Contribution to knowledge 
In the process of addressing the research question (Section 1.4.), this thesis makes the 
following contributions to knowledge: 
1.5.1. A novel approach to tracking and evaluating active rotational shoulder ROM in 
VR  
Most of the research in the field of VR for upper limb rehabilitation has focussed on 
movements which can be carried out within two planes of motion, rather than the 3 planes of 
motion involved in complex shoulder movements. Chapters 1 and 2 identify the limitations of 
current rehabilitation approaches, both in VR and conventional therapy (Sections 1.2., 1.3., 
2.2. & 2.3), particularly in reliably and objectively evaluating active rotational shoulder ROM. 
Chapter 3 proposes a novel approach to evaluating active rotational shoulder ROM in a VR 
task, based on proxy measures combining objective magnetic motion tracking with functional 
tests used in clinical practice (3.2.2.3.). 
This approach was successfully implemented, and operated well in each of the studies in this 
thesis. Its role in data capture was most pertinent to the analysis of the action tasks in Chapter 
3. Notably the whole system operated with the need for only two active markers throughout. 
This relatively simple system could now be implemented in other studies involving spatial 
perception or pointing, intercepting or reaching and grasping actions, allowing for even 
complex upper limb motions to be tracked and monitored without the need for excessive 
markers or increasing the computational load. 
1.5.2. A novel eye-hand tracking approach to address the issue of reduced range of 
movement of the neck and shoulder. 
Individuals with neck and shoulder pain often use an increased range of eye movements to 
compensate for reduced head turning, reducing the suitability of conventional head-tracking in 
VR. However, most VR rehabilitation environments either use conventional head-tracking 
algorithms or a static camera view. Chapter 3 (Section 3.2.2.4.), presents a novel tracking 
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algorithm developed for this thesis which can overcome some of the limitations of virtual 
camera views based on head orientation and position. Although previous research has 
demonstrated that eye gaze tends to follow a reaching hand and its intended target, this is the 
first time that a virtual camera has been developed to imitate this phenomenon.   
This approach was also successfully implemented, and effectively used by a variety of users, 
throughout each of the studies and their development, in this thesis. The approach was 
accepted by both users with shoulder and neck restriction and healthy normal participants as 
well as users with previous experience of VR and head tracking. This offers a new approach to 
enable comfortable and acceptable camera tracking in VR for patients who would be unable to 
use conventional head tracking techniques. 
1.5.3. The effect of VR on the active rotational ROM of the shoulder among those 
with shoulder restriction  
VR has been demonstrated to be a useful tool in reducing pain perception and engaging 
patients whilst performing therapeutic upper limb exercises. However, there has been no prior 
work looking at whether active rotational ROM can increase during a VR intervention. 
Therefore an empirical study was undertaken to investigate whether individuals with shoulder 
pain and restriction could improve their ROM, using the proxy measure identified in Chapter 2 
(Sections 2.2.4. & 3.2.2.3.), under VR conditions. This is the first study to investigate the 
potential for VR mediated in-task effects on active rotational ROM for the shoulder. 
The results from this study did not reveal any significant improvements of either mean or 
maximal ROM over the population group as a whole within the timescale of the study. This 
demonstrates that simply including VR into a rehabilitation exercise programme does not 
guarantee increased performance in ROM during the task.    
However, observations during the study implicate a number of complicating influences 
(Section 3.4.4.) which might be able to be addressed. Nevertheless, from a clinical perspective 
(Section 3.4.3.) considering the therapeutic potential, all participants successfully completed 
the full sequence of action tasks (and with less pain) suggesting this approach may have some 
merit for engaging and facilitating rehabilitative exercises. Moreover, some individuals 
consistently exceeded their maximum non-VR control ROM, for external rotation, when under 
VR conditions (despite the complicating influences). This suggests that for some individuals or 
some conditions this approach can convey additional benefits other than just pain suppression 
or engagement and therefore shows potential for an augmented strategy for shoulder 
rehabilitation that warrants further investigation.  
1.5.4. The effect of VR on the pain perception during active rotational ROM exercises 
for the shoulder  
It had previously been demonstrated that VR can reduce the perception of pain during medical 
procedures or induced pain. However, there is little work investigating the effect of VR on the 
pain elicited in individuals with shoulder dysfunction during active therapeutic exercises 
involving shoulder rotation. Therefore an empirical study was undertaken to investigate the 
effects of VR on pain during active rotational motion (see Chapter 3). This is the first study to 
investigate levels of pain in a shoulder rotation task in VR. 
The results from this study demonstrate a significant reduction of pain post trial (Section 3.3.3. 
& 3.4.1.) despite having undertaken repetitive therapeutic exercises, which are typically 
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painful to perform. Furthermore this study demonstrates that the pain perception reduction 
commonly associated with VR is sustained in action tasks that pass outside the user’s field of 
view. This finding has promising implications for extending the use of VR for movement 
rehabilitation even in painful conditions. 
1.5.5. Inefficient “searching” behaviour identified in VR reaching tasks. 
An analysis of motion trajectories from the study in Chapter 3 (Section 3.4.4.), identifies 
aberrant motion during reaching tasks that have not previously been investigated, and are 
largely disregarded in the literature. It identifies commonalities with other studies in the 
literature and makes links with potential explanations from literature in related disciplines. 
This investigation offers potential explanations for sustained excessive arm elevation, elbow 
extension, and searching behaviour seen at the later stages of the reaching task, among some 
individuals (Sections 3.4.4., 4.2. & 6.4), and implicates the lack of confidence in spatial 
perception in VR as a cause for searching patterns in the terminal phase of reaching and 
possibly for the adoption of a rigid system in upper limb kinematics and proposes further work 
to attempt to identify ways to reduce these otherwise deleterious movement behaviours. 
This study challenges the assumption that motion in VR is equivalent to real-world motion, and 
highlights motion behaviours evident in a number of studies that could be deleterious to 
rehabilitation aims. Further work is suggested in the design of VR for reaching tasks in 
rehabilitation contexts. 
1.5.6. The significance of depth perception issues in VR and their effect on the 
quality of upper limb movement behaviours   
Whilst previous work has identified issues with depth perception in VR, its role in influencing 
movement behaviours during reaching and grasping tasks and their subsequent implications 
have not been examined. A number of studies have endorsed VR within physical rehabilitation, 
suggesting that movement strategies employed in VR are similar to real world behaviours. 
However, closer examination of the data from those, and subsequent, studies including those 
within this investigation, suggest that evident subtle differences may have more profound 
effects when considered in a rehabilitation context. This investigation explores and relates the 
implications of spatial misperception to the performance of reaching and grasping tasks in VR 
and highlights the main factors that may contribute to this issue (Sections 3.4.4., 4.2., 4.3., 
6.3.1. & 6.4.).  
Notably it highlights elements of the designed representation of VEs and in particular the role 
of visual characteristics of target objects that when conveyed to the user may exacerbate 
spatial misperceptions. This should help inform the design of future VEs and how to tailor 
them to the outcome aims. 
1.5.7. The effect of altering visual cues and characteristics of target objects, on time-
to-target durations within the deceleration to contact phase of reaching.  
Previous studies have indicated that the visual properties of an object may have an effect on 
depth perception. However, how this might influence the ability of an individual to successfully 
obtain a target object in a VR reaching task, has not been established. There are no studies to 
date looking at the effect of the target object’s visual characteristics, on the time-to-target 
contact during the corrective deceleration to contact phase of reaching.  
18 
Therefore key visual properties likely to affect absolute distance perception were identified 
from the literature, and empirical studies were conducted (Chapters 5 & 6) to investigate 
whether changing the visual properties of the target object affected the time taken to reach 
the target object (Sections 6.3.1., 5.4. & 4.3.). Using exaggerated brightness changing, as a 
proximity cue, proved to be an ineffective approach. Notably, however, these are the first 
studies to demonstrate the significant effect of target object geometry, on time-to-target, in 
the terminal phase of reaching in VR. This has implications for VR studies involving spatial 
perception or reaching tasks, and advocates the use of icosahedrons as target objects rather 
than the more commonly used spheres. 
1.5.8. The effect of changing visual cues on arm elevation time.  
It might be anticipated that facilitating spatial perception and improving the time taken to 
reach and acquire a target object would be associated with an improvement in the quality of 
the movement trajectory. However, to date there is no work investigating this. Therefore, the 
empirical study in Chapter 6 investigates the effect of visual cues on arm elevation time during 
reaching to grasp actions in VR. 
The results of this study, however, demonstrate there was no significant decrease in the 
extended duration of arm elevation during VR reaching tasks (6.3.2., 5.4., & 4.3.).  
This highlights the fact that improving the spatial perception of target objects, and thereby the 
subsequent task performance time in VR rehabilitation tasks, does not necessarily affect the 
quality of the movement strategy used to achieve this aim. Further work is proposed to 
explore this issue and its implications for fatigue in rehabilitation tasks. 
1.5.9. Conclusion. 
Based on the main findings of the empirical studies, this thesis adds to the understanding of 
how individual factors in VR can potentially influence spatial perception and subsequently 
affect movement outcomes in upper limb rehabilitation tasks.  
Whilst the development of VR hardware understandably receives considerable attention in the 
literature, this thesis highlights the importance of the design of the VE, and specifically the 
visual characteristics of target objects within it, as a critical component of a VR system. 
Therefore, this demonstrates that it imparts more than just aesthetics, engagement, or 
ecological validity to a task, but also directly affects user performance. As such it highlights the 
importance of this largely neglected area of VR research and promotes further investigation.  
1.6. Thesis organisation 
Chapter 1: Presents an overview of the problem domain. It discusses decreased ROM as a 
significant issue in shoulder morbidity, and identifies ROM exercise as a common rehabilitation 
strategy. Issues with unreliable assessment measures, lack of engagement with therapy, and 
pain during rehabilitation are noted. VR is identified as an approach which may ameliorate 
some of these issues.  An overview of current VR rehabilitation research suggests that it may 
be therapeutically beneficial. However, it is noted that there is little data relating to shoulder 
rotation tasks in VR, nor to the influence of visual perception on movement behaviour.   
Chapter 2: Reviews current approaches and issues when determining shoulder rotation both 
in clinical assessment and within VR. Factors within VR which may impact on task performance 
and spatial perception are critically reviewed, and the implications of these findings for the 
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design of the empirical studies are discussed. In addition, some of the conceptual elements of 
the “VR Orchard” VE used in the subsequent studies are highlighted. 
Chapter 3: Reviews issues with shoulder dysfunction, ROM, and the influence of pain, within 
the context of VR as a rehabilitation modality. This Chapter introduces an approach for eye-
hand tracking as a low burden solution to some common issues in shoulder rehabilitation in 
VR. In addition, it also introduces a common subjective functional test, and details its 
adaptation into an objective comparative measure, by combining it with magnetic motion 
tracking. The “VR Orchard” and its embedded action task are detailed. An empirical study to 
investigate the influence of immersive VR on perceived pain and maximal rotational ROM 
among participants with shoulder restriction during therapeutic tasks is described and its 
results reported. During the subsequent analysis it identifies issues with atypical reaching 
behaviour and its patterns and implications are expanded upon in Chapter 4. 
Chapter 4: Explores in more depth the reaching behaviour seen in Chapter 3 and revisits the 
literature on motion patterns in VR. The anomalous patterns of movement observed in VR may 
have significant implications for the use of VR for upper limb rehabilitation. It then reviews the 
potential effect of various elements of visual cues on perception and movement, and suggests 
the need for further investigation of the inherent visual cues of target objects in VR. 
Chapter 5: Details a study investigating the effect on time to target when reaching for objects 
with different visual properties.  It identifies the properties which appear to have the most 
significant influence on reaching behaviour. 
Chapter 6: Details a larger empirical study to quantify the effect on reaching behaviour of 
different target object geometry types and additional visual proximity cues. It concludes that 
the visual properties of a target object in VR have a significant effect on reaching behaviour, 
which may have implications for frustration and fatigue in VR shoulder rehabilitation tasks. 
Chapter 7: Presents the conclusions of the research programme and discusses the main 
contributions to knowledge, together with the implications for design of VEs for shoulder 
rehabilitation, and suggestions for further research. 
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2. Literature Review. 
2.1 Virtual Reality Systems and Rehabilitation 
The Virtual Reality (VR) hardware and software that provides clinicians and designers with the 
ability to create computer generated, predetermined and controlled environments, to 
influence, facilitate and monitor their user’s behaviour and potential recovery, coupled with 
the VR mediated illusion that allows their users to experience their therapies in an immersive 
safe and engaging manner is probably unique (Figure 1). 
 
FIGURE 1: VR FOR REHABILITATION – GESTURETEK HEALTH (JOHN-VINCENT n.d. a) 
VR offers an opportunity to immerse and distract patients with a visually engaging, 
entertaining, and goal orientated task, with clear direct objectives and immediate rewarding 
feedback on progress (Bryanton, et al., 2006; Kizony, et al., 2003; Rizzo & Kim, 2005; Sveistrup, 
2004; Thornton, et al., 2005). This immersion appears to have clear therapeutic benefits in its 
own right with implications for pain perception (e.g. Hoffman, Richards, Coda, Bills, Blough, 
Richards, Sharar, 2004; Hoffman, et al., 2000; Hoffman, et al., 2003; Hoffman, et al., 2001) and 
engagement (Bryanton, et al., 2006; Rizzo, et al., 2005; Thornton, et al., 2005) both of which 
are common barriers to recovery, subsequently making therapeutic exercises potentially more 
enjoyable rather than onerous (Section 1.3.1.). Furthermore, the quality of movement in the 
prescribed exercise can be conveyed to the user either inherently through the action task and 
game challenges or more specifically through avatars or motion paths, so the user can 
compare their actions to the clinician’s intended ideal and make adjustments accordingly. 
Tasks can be dynamically geared to a patient’s current and ongoing ability (Chen et al., 2007) 
thereby reducing frustration,  and the successful completion of a task can be immediately 
visually conveyed to the user with motivational feedback.  Perhaps most significantly, with 
respect to physical rehabilitation, it has demonstrated an ability to aid neurological and 
physical rehabiliation (Jack, et al., 2001; Kizony, et al., 2003; Merians, et al., 2002; Piron, et al., 
2001; Sveistrup, et al., 2003) suggesting long term benefits.  
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Motion tracking technology in VR offers the potential for the user’s own movements to feel as 
though they are directly interacting with their environment in real time. This allows them to 
move naturally and safely in meaningful simulations of real world situations as the risk of 
failure is reduced and controlled. Furthermore, this motion tracking can objectively record 
movement patterns for monitoring patient adherence and performance remotely 
(telerehabilitation) or at least to review the collected motion pattern data during periodic 
reviews (Rizzo & Kim, 2005). It is this objective recorded measurement in real time that could 
allow evaluation of the effect of interventions, such as VR itself, on active ROM for complex 
joints such as the shoulder, as well as visualisation of quality of movements and future 
comparisons of treatment progress and efficacy.  
There is considerable scope and potential for the future development of VR within the context 
of motor rehabilitation. However, it is still in its infancy and still has many issues to be 
addressed before it is viable for adoption into mainstream therapeutic practice. If VR is ever to 
attain acceptance as a credible modality in motor rehabilitation strategies, it needs to 
demonstrate efficacy in a sizeable trial population where it needs to demonstrate the potential 
to facilitate improvements in specific motor functions, and these improvements should be 
transferable to activities of daily living (ADL). This does not necessarily require matching VR 
tasks to specific therapeutic activities or prescribed exercise regimens pertinent to the 
diagnosed condition, (this may well remain within the clinician’s remit) but rather a range of 
more generic yet appropriate exercises would remain beneficial across most shoulder 
conditions as they share many commonalities in both actions and outcomes.  
In a longitudinal study to compare the efficacy of exercises customized to specific shoulder 
conditions against a set of generic shoulder rehabilitation exercises, 30 participants, with a 
range of shoulder disorders, were distributed randomly between the two conditions and then 
assessed for comparative functional outcomes. Patients in both groups had significant 
improvements in shoulder strength, pain intensity and function. Significant improvements had 
occurred by week 8, but not by week 4. Notably however, there were no significant differences 
between the customized and standard exercise groups in any of the outcome measures after 
either four or eight weeks of exercise (Wang & Trudelle-Jackson, 2006). This suggests that 
rehabilitative exercises in VR can be designed to generically meet rehabilitation and Range of 
Motion (ROM) tasks without an apparent need to tailor them to each diagnosed condition. 
Furthermore, it also supports the need for rehabilitation programmes with a longer 
anticipated duration, which currently is not always viable, due to the clinical burden, but might 
be addressed by VR. Whether as an adjunct, or an integral part of a treatment programme, VR 
could serve to augment, though not replace, the clinician’s expertise, by offering the potential 
to enhance the unsupervised but prescribed activity albeit within a clinic or similar setting.  
Much of the research into VR and motor rehabilitation focuses on single cases or small pilot 
studies, nevertheless, despite the paucity of sizeable trial groups, some insights and 
developments have emerged that offer some promise, although a more robust and rigorous 
approach needs to follow up on this work. Sveistrup (2004) carried out one of the early 
reviews of VR motor rehabilitation, and although most of the studies discussed are small case 
studies, and often have no control condition, she does conclude that there was sufficient 
evidence to suggest that VR has a potential contribution to make in rehabilitation, and that the 
improvements achieved in VR may be transferable to ADL. Rizzo & Kim (2005) in a SWOT 
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analysis essentially concur and reinforce the view of a field in its developmental infancy 
characterized by successful proof of concepts. They then, possibly contentiously, advocate that 
studies initially collect incremental data over numerous small-scale parametric studies with 
targeted user groups. Such an approach may yield insight and open new avenues for research 
but this reliance on small sample sizes instead of large clinical trials with a sizeable population 
group remains a weakness as it fails to reinforce its viability or reliability within a medical 
framework. 
The work of Merians et.al. (2002) is fairly representative of both the strengths and weaknesses 
inherent in much of the early experimental phase of VR in this context. In their study 3 stroke 
patients underwent intensive exercise in VR for upper limb rehabilitation, all the participants 
showed improvements in speed, mechanical work and independent finger separation and 
control, which were transferable to real-world activities. However, the sample group is only 3 
individuals which simply does not prove suitable for statistical analysis with any veracity nor 
would it receive clinical credibility. Furthermore, there was no control or non-VR condition to 
compare to the VR condition making reasonable conclusions as to the efficacy and relative 
contribution of VR untenable. Similarly a single case study of upper extremity rehabilitation in 
VR for a stroke patient showed marked improvement in dexterity, grip force and endurance, 
which was transferable to ADL (Broeren, Rydmark, & Sunnerhagen, 2004). However, again, a 
single case study cannot be taken as conclusive nor even representative  and once again there 
was no control condition, and so it cannot be concluded that the improvements were due to 
the VR component of the training rather than simply the resultant training inherent in the 
tasks.  
Furthermore, the lack of effective control groups in many studies means that even where 
improvements are shown, and even if they can be attributed to VR and shown to be effective, 
it cannot readily be demonstrated in those studies that it is more efficacious than conventional 
therapy approaches and in counterpoint one study did not find a benefit for VR therapy as 
compared to traditional therapy (Reid & Campbell, 2006). 
In a slightly larger study population of 8 stroke patients in a study using VR for hand 
rehabilitation, there were significant post-test improvements in hand function compared with 
the pre-intervention condition (Adamovich et al., 2005). However, once again there was no 
control group in this study, so the results could arguably be due to the intensive therapy itself.  
Another study with 10 participants, with chronic effects from stroke, demonstrated 
improvements in motor function associated with cortical changes after using GestureTek's 
IREX system, (You, et al., 2005). Although this study did include a control population, the 
control group did not have a standard exercise intervention, but instead were a non-exercising 
control group, so whilst it showed that VR provided statistical improvement compared with no 
intervention, it still could not demonstrate any unique benefit of VR for rehabilitation over that 
of exercise alone.  
A larger viable study, of 50 stroke patients utilising VR for upper limb rehabilitation, again 
showed significant improvements in reaching movements and ADL assessment scores and 
concluded that motor-recovery in post-stroke patients may be promoted by the enhanced 
feedback in VR (Piron et al., 2005). However, this study also did not use any control condition, 
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making such a conclusion without comparative results from a non-VR rehabilitation condition 
somewhat uncertain. 
Several studies with children with hemiplegic cerebral palsy have reported to improve the 
quality and quantity of upper extremity movement  (Chen, et al., 2007; Jannink et al., 2008; 
Reid, 2002)  although study sizes are once again small, and recurrently  improvements are 
guardedly described as small, short term and not always consistent across all the individuals 
who participated. 
Many of these early studies in the use of VR for rehabilitation are exploratory in nature and 
suffer from small sample sizes, often with no effective control group and few valid outcome 
measures and therefore there is little meaningful information that can be derived that would 
be considered robust in a medical context. There is a need for larger more robust clinical 
studies, including randomised controlled trials, if there is to be sufficient evidence for 
widespread therapeutic application of VR (Crosbie, Lennon, Basford, & McDonough, 2007). 
Nevertheless, these early studies provided new insights and research directions as well as 
raising awareness of the potential of VR rehabilitation and furthering subsequent 
development, suggesting that interactive VR could offer benefits not readily found in 
conventional therapy alone. In spite of the limitations of these studies, there are findings that 
emerge consistently and which do support the suggestion for further development of VR for 
rehabilitation but further investigation is required. 
The potential for VR to augment conventional therapy is readily apparent and has met with 
some notable successes but many aspects are still some way from being realised or adopted. 
Within the context of physical rehabilitation there remain many issues to be addressed and 
potential benefits to be explored.  
The recovery of lost physical function includes restoring normal ROM. Active ROM is itself 
often limited by the perception or even apprehension of pain, (Section 1.2.2.) and this pain can 
also be a factor that limits engagement and compliance, (Section 1.2.3.). If the analgesic 
properties of VR can be combined with an environment and narrative that provides functional 
improvement in motion quality and ROM, then patients may be able to engage in 
rehabilitation at a higher functional level than traditional physical therapy alone, leading to 
increased long-term gains in recovery and normal function.  
Since the general goal of rehabilitation is to recover full and effective function, then with 
respect to motor rehabilitation this means improvements in not only the ROM limits, but also 
the quality and precision of movement patterns or behaviours as well as endurance, speed, 
and even the confidence of the patient in being able to initiate, sustain and complete such 
actions reliably in order to return to work or partake in normal activity. As such movement 
tasks should encompass movement demands pertinent to ADL (activities of daily living) and for 
instance where work related, should ideally be ecologically valid or transferable to the task. 
Therefore, if VR is to prove of benefit in rehabilitation, beyond the ability to increase 
engagement and reduce pain, then it must demonstrate the potential to facilitate 
improvements in motor function, and these improvements should be transferable to daily 
activities.  
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FIGURE 2: ANATOMICAL PLANES 
Where studies utilise actions that employ whole upper limb motion, either as the ancillary 
motion for a given task, or as the main focus, such studies are often considered with regard to 
motions that are primarily observing abduction in the coronal plane or flexion in the para- 
sagittal plane (i.e. parallel to the midsagittal plane), (Figure 2).  
However, it is reported that in many cases of sub-acute shoulder restriction, the early stages of 
the conditions’ aetiology often demonstrates restriction and loss of ROM affecting not only 
flexion and abduction but also rotation at the shoulder (Bach & Goldberg, 2006; Rundquist, 
Anderson, Guanche, & Ludewig, 2003; Shaffer, Tibone, & Kerlan, 1992; Vermeulen et al., 2000; 
Wies, 2005). Where this is not addressed early on and resolved with treatment interventions, 
more progressive restriction, discomfort and further loss of ROM can often occur sometimes 
not resolving for two years or significantly longer (Shaffer, et al., 1992; Vermeulen, et al., 2000; 
Wies, 2005). Nevertheless conventional early intervention strategies, which could resolve 
these issues and prevent further degeneration, are often poorly adhered to and therefore it is 
these motion patterns that VR could proffer significant benefits to. 
For shoulder rehabilitation this would include all 6 degrees of freedom available at the 
shoulder complex and currently few VR studies address such complex motion. Commonly 
movements that can be relatively reliably determined in a single plane of movement are used 
instead (Kizony, Raz, Katz, Weingarden, & Weiss, 2005; Sveistrup, 2004). Nevertheless reliable 
motion tracking coupled with simulated tasks in an appropriate VE should be capable of 
addressing this. 
Some key dynamic movements of the shoulder joint that need to be able to be addressed by 
an effective recording or tracking system include: flexion, extension, abduction, adduction as 
well as the main focus of this investigation which involves internal (medial) rotation and 
external (lateral) rotation. 
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FIGURE 3:   A) FLEXION  B) EXTENSION   C) ABDUCTION         D) ADDUCTION 
Flexion (Figure 3 A) occurs when the arm is raised out of the plane of the torso so that it moves 
forward to point anteriorly in the para sagittal plane (parallel to the mid-sagittal plane) (Figure 
2 ). 
Extension (Figure 3 B) is the opposite of flexion where the arm moves backwards so that it 
points posteriorly in the para sagittal plane (Figure 2 ). 
Arm abduction (Figure 3 C) occurs when the arms are held at the sides, parallel to the length of 
the torso, and are then raised in the plane of the torso (i.e. the Coronal plane, Figure 2). This 
movement may be broken down into two parts: True abduction of the arm, which takes the 
humerus from parallel to the spine to perpendicular; and upward rotation of the scapula, 
which then raises the humerus above the shoulders until it points upwards. 
Arm adduction (Figure 3 D) is the opposite motion of arm abduction. It can be broken down 
into two parts: downward rotation of the scapula and true adduction of the arm. It should be 
noted that adduction of the shoulder can result in the arm passing across the mid-sagittal 
plane (Figure 2) and includes such motion both behind and in front of the torso. 
 
1 1 1 1 
2 
2 
2 
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FIGURE 4:   A) AXIS OF ROTATION  B) INTERNAL ROTATION     C) EXTERNAL ROTATION 
Internal rotation of the arm (Figure 4 B) is most easily observed when the arm is abducted to 
90o and the elbow itself is held at a 90-degree angle and the fingers are extended so they are 
parallel to the ground. From this position, internal rotation (also known as medial rotation) 
occurs when the arm is rotated at the shoulder around the axis of the humerus (Figure 4 A) so 
that the fingers change from pointing straight forward to pointing down towards the floor. It 
should be noted that, whilst this position aids understanding, it is the direction of rotation 
around the axis of the humerus that is relevant, and in normal activity the humerus itself can 
equally lie in an adducted or flexed position when this rotation occurs. 
External rotation (Figure 4 C) (also known as lateral rotation) is essentially the opposite of 
internal rotation. 
It should be understood that none of these movements normally occur in isolation. Various 
motions particularly of the associated clavicle and scapula occur during these arm movements 
but only those that directly affect the orientation of the glenoid surface (the surface of the 
scapula that articulates with the humeral head) of the shoulder joint will be relevant to 
interpreting tracking rotational movements, these can include associated scapular retraction, 
protraction, depression and elevation. Other associated movements except where pertinent 
will not be covered in depth.  
In order to use VR for rehabilitation, the individual’s movements need to be determined and 
recorded with an appropriate degree of accuracy and reliability, therefore it is necessary to 
have some means to input and record the users movements (e.g. motion tracking or capture 
systems such as optical or magnetic motion tracking, edge tracking or accelerometer devices) 
and a number of these have been used in VR studies involving upper limb motion.  
2 
2 
1 
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FIGURE 5: COMPONENTS OF VR SYSTEM 
Once this data is captured it needs to be interpreted and interrelated with elements of the 
computer generated VE in order to create the appropriate actions and effects as well as 
generating the appropriate visual representation of those interaction events, and this involves 
processing by an appropriate system to process the input data and pass it to the VR software 
for analysis and action. This then in turn provides the elements for feedback to the user, 
usually in the form of a display system, which may include a modelled virtual environment (VE) 
(e.g. computer generated 3D scene) often coupled with audio output. The user can in turn 
respond to this continually dynamic system within the VE and its updated output which so long 
as the system is responsive enough and the processor can cope with the computing burdens 
placed upon it, can provide the user with a sense of real time interaction, and controlled and 
responsive, cause and effect, within their perceived environment (Figure 5). The users initiated 
actions and their responses to the VE, subsequently alters the input as they respond to tasks 
and events laid out to them by the narrative or instructions within the task. VR can be 
considerably immersive allowing users to suspend disbelief, even allowing considerable 
divergence from veridical real world representations over graphical fidelity and even 
environment physics where plausibly or intuitively supported by a justifying narrative 
(Hoffman, et al., 2000; Ustinova, et al., 2011).  
VR in a rehabilitation context, despite having been around for a while, still reflects a 
development that is in its infancy. The drive towards better representations of reality, within a 
computer simulated context, involves striving to integrate and take advantage of rapid 
advances in software development, processing capability, graphical rendering, visual display 
systems and novel interfaces. These then, in turn, need to be applied to the interrelated 
disciplines within human computer interaction for rehabilitation contexts. These ideally should 
address not only physical but psychological aspects, as well as functional kinematics and 
ergonomics, both for normal interaction but also to account for atypical and dysfunctional 
movement disorders and psychology. As such it draws upon a large range of disciplines to 
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inform its design which in turn often makes each system somewhat unique or bespoke to a 
particular function and client group, and this is evident in much of the research into VR in this 
role.    
Sadly this has a number of ramifications for development in this field, as commercial 
development for small applications tend to be limited in scope and do not always reflect the 
end users’ therapeutic needs. In turn systems that can be applied safely or even unsupervised 
to large population groups are also rare and few systems have attempted the full scale clinical 
trials needed for clinical acceptance. Some commercial systems are beginning to emerge 
however, which may have rehabilitation potential. Although these are largely driven by the 
games industry, and whilst they may have possibilities for therapeutic use for certain patient 
groups, this is opportunistic rather than intentional and there is still some controversy as to 
their efficacy and even safety. Furthermore, they are not usually flexible to the demands of a 
clinician’s therapeutic regimen nor do they typically provide data for later review or evaluation 
by the clinician.  
A notable aspect that needs consideration in utilising gaming systems for rehabilitation is 
where the goals of the game expect high intensity, rapid activity, with large amplitude 
motions, which are not always conducive to rehabilitation aims, or where the mechanics of the 
game allow a user to circumvent the designers’ intentions for anticipated movement and 
instead utilise atypical motions that no longer simulates the real world activity but provides an 
in game advantage, albeit at the expense of rehabilitation outcomes. Rapid and repetitive 
motion demands are often less controlled in their execution and can result in exacerbation and 
inflammation of an existing musculoskeletal or soft tissue injury and for the most part should 
be avoided in a rehabilitation strategy. Where the rehabilitation aim is not exertion and weight 
loss then games or activities need to be designed to reflect the therapeutic needs and aims 
which typically are slower and more controlled movements described as moderate intensity  
(Pasch, Berthouze, van Dijk, & Nijholt, 2008). Where games are employed for therapeutic 
movement patterns (other than just general exercise) the chosen activity may not engender 
the anticipated movement behaviour, as real world activities and sports are not truly 
simulated but rather provide a narrative framework for the gameplay, therefore the degree of 
movement behaviour that simulates real world action becomes largely dependent on the 
individuals’ level of immersion and engagement (Pasch, et al., 2008). The potential of gaming 
systems, such as the Nintendo Wii, for generic rehabilitation exercises, with the overall 
benefits of non specific exercises, (Wang & Trudelle-Jackson, 2006), should however, still be 
pertinent and certainly the wide array of games available should provide a means of engaging 
most individuals. However, in this technology, engagement and compliance can become quite 
distinct from each other as engagement can easily become goal orientated towards the game 
outcomes even at the expense of the rehabilitation outcomes, which is an issue often 
neglected in computer games adopted for rehabilitation and exertion gaming, and the 
implications remain relevant to VR applications.   
Nevertheless, whether with case studies or larger groups, a growing number of rehabilitation 
outcome successes have been documented involving specialised development or adaptation of 
systems but also including collaborative work with software and hardware designers. Recent 
work has emerged to adapt full-body commercial interfaces such as the Sony EyeToy® (Rand, 
et al., 2004), the X-box KinectTM (Chang, Chen, & Huang, 2011) and the GestureTek IREXTM, 
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which uses a video-capture interface and chroma-key screen to display the actual patient “in” 
the VE (Bryanton, et al., 2006; Kizony, et al., 2005; Sveistrup, et al., 2003). Specialised software 
has been designed for applications ranging from rehabilitation of ankle movement in children 
with cerebral palsy (Bryanton, et al., 2006), through to balance retraining for brain-injured 
adults (Thornton, et al., 2005). Mainstream commercial application, and adaptations, of the 
Nintendo Wii have gained some acceptance in some rehabilitation settings. However, research 
and evaluation have given this a somewhat mixed reception (Bee, 2007; Bonis, 2007; Cowley & 
Minnaar, 2008; Pasch, et al., 2008). In some respects however, it is natural enough that this 
field creates somewhat unique devices and environments and perhaps this should be 
encouraged to enable unusual conditions to be encompassed and new avenues to be explored. 
Rehabilitation studies have also taken place using novel haptic interface devices such as the 
Phantom® a pen-like device (Bardorfer, Munih, Zupan, & Primozic, 2001) or the Rutgers 
Master II-ND haptic glove (Adamovich, et al., 2005) which provide force feedback enabling 
users to “touch and manipulate” virtual objects. The pursuit of these novel devices and off the 
shelf systems offer potential and further insights for future progress but, where possible, 
communication between clinicians and developers should allow for the creation of systems 
whose application can be appropriately diverse enough to have therapeutic merit for different 
clinical groups with commonalities in treatment outcome or intervention modalities. This 
necessitates systems that can be implemented flexibly through modular components and 
intuitive user interfaces from a clinician’s perspective or whose design encompasses a variety 
of treatment protocol demands to have a wider reaching impact and to facilitate clinical 
acceptance and uptake without having to create and train for something new each time.  
Aside from the implications of telerehabilitation, avatar training and the ability to record and 
review motion pattern data, all of which offer potential benefits from a healthcare perspective 
in general, the more direct implications for the facilitation of the patients rehabilitation can 
broadly be categorized into three main areas that may offer particular benefits to physical 
rehabilitation and warrant further attention. These are engagement or enjoyment of therapy 
(Section 1.3.1.), reduced perception of pain (Section 1.3.2.) and improved movement (Section 
1.3.3.). These categories in turn however, are reliant on a number of factors whose 
contributions have not been fully determined. 
2.2. Methods and Limitations in Determining Shoulder ROM 
Determining active rotational ROM at the shoulder is complex, as motion here occurs freely in 
3 dimensions without being limited to any given axes (with the exception of approximation of 
the humeral head to the acromial edge in pure abduction) and therefore it encompasses 6 
degrees of freedom. Furthermore, the shoulder joint complex also allows for retraction, 
protraction and superior and inferior displacement, and few of these occur in isolation during 
normal movement. Even in simple reaching and rotational tasks, subsequent shoulder motion 
involves two instantaneous centres of rotation within the glenoid cavity. These issues 
complicate ROM determination by observation but are then further compounded when 
coupled with the independently moving soft tissue structures overlying the joint capsule, such 
as the stabilising muscles of the rotator cuff, the deltoid mass and the elastic properties of the 
covering skin, which makes reliable repeatable fine resolution of motion extraordinarily 
difficult, particularly in a therapeutic clinical setting. 
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2.2.1. Determining complex motion and inter, intra-tester reliability. 
For any physical rehabilitation, reliable determination of joint positioning and relative degrees 
of ROM is invaluable. For any application for physical rehabilitation system using VR to be 
effective reliable motion tracking in some form is a vital component. 
Many of the study examples reviewed (Section 2.1) are addressing upper limb rehabilitation, 
(some with regard to the hand), with little attention to the movement occurring at the 
shoulder complex itself. This is perhaps not surprising as determining the end point or 
intersection/interception of points in space during movement patterns is relatively 
straightforward and where individual joints or joint complexes are considered it is easier to 
consider functional movements that predominantly occur in one plane (e.g. flexion at the 
shoulder or elbow and abduction at the shoulder or even arguably supination, pronation of the 
forearm). So far most studies have avoided the shoulder except in the most general terms and 
particularly its perceived complexities of internal and external rotation at the shoulder, which 
in its most basic form occurs within more than one plane and in free natural movement 
requires dynamic motion tracking in any combination of planes. This issue is not limited to VR 
but is a problem common to conventional therapy when determining joint positioning for 
diagnostic purposes, evaluation and measuring the efficacy and progress of a therapeutic 
treatment regimen.  
Most conventional clinical approaches commonly use variations on goniometric measurement 
systems (e.g. the wide array of commercial goniometers, electrogoniometers, and digital 
inclinometers (Figure 6 and Figure 7) but these may be prone to both inter and intra tester 
reliability and a degree of subjectivity (Christensen, 1999; de Winter, et al., 2004) and this is 
further compounded where movements occur in multiple planes. Furthermore, such 
measurements are typically dependent on static measurements with the patient conscious of 
the measurement interruption rather than those occurring naturally during dynamic action 
tasks (Sections 2.2.1. & 2.2.3.). 
 
(FIGURE 6: COMMERCIAL GONIOMETER VARIANTS  (ASSISTIRELAND IE, n.d.) 
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FIGURE 7: BIOMETRICS ELECTROGONIOMETERS (LONT, n.d) 
A not inconsiderable problem for both diagnosis and monitoring progress of a given 
intervention strategy is that most commonly employed methods for determining ROM in 
clinical practice can be somewhat subjective as observation or applying devices are essentially 
done by eye. Even when using simple equipment or digital angle measuring devices to assist in 
this measurement the subsequent results, whilst theoretically objective in determining angles, 
are nevertheless often subjective in their method of application.  
Even the positional or postural arrangement of the patient, when measuring any given 
rotational ROM at the shoulder, is not standardised, with a variety of positions adopted that 
each have distinct biomechanical implications for the complex motion at the shoulder joint. A 
number of studies have evaluated a range of different positional methodologies used to 
determine ROM for internal rotation (Lunden, Muffenbier, Giveans & Cieminski, 2010) and 
many have found inter and intra tester reliability to be poor (Lunden, et al., 2010; Riddle et al., 
1987).  
  
A      B 
FIGURE 8:  A) SUPINE POSITION FOR DETERMINING INTERNAL ROTATIONAL PASSIVE ROM FOR THE SHOULDER    B) SIDELYING 
POSITION FOR INTERNAL ROTATIONAL PASSIVE ROM FOR THE SHOULDER (LUNDEN ET AL., 2010) 
Lunden et al., evaluated two of the more commonly used approaches for passive ROM 
determination for internal rotation at the shoulder. The first of these involves the patient lying 
supine (on their back) so that the scapula is essentially anchored between the patients back 
and the couch, (Figure 8A) whilst this is diagnostically useful as it isolates rotational movement 
to that occurring at the shoulder joint only, it does not reflect the normal active rotational 
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movement of the shoulder where such isolation of scapular movement would be unlikely in 
tasks common in ADL. Furthermore this approach to anchoring the scapula has been shown to 
be questionable in its actual effectiveness (Lunden, et al., 2010; Riddle et al., 1987). The 
second approach is to lie the patient on the side (Figure 8B) for which ROM is to be 
determined, this again anchors the scapula in place and so does not reflect normal movement 
but does appear to provide a better inter tester reliability for internal rotation (Lunden, et al., 
2010). However it has to be noted that this study has a small sample size, only evaluates 
reliability between two testers, involves only passive ROM and perhaps more importantly 
involves compression of the shoulder joint. Lunden et al suggest the majority of their 
participants with shoulder pathology were able to adopt and tolerate this position but no data 
on actual pain scores were provided. 
Essentially given any particular condition any two clinicians may report slightly different 
measurements. This is particularly so if they are using different devices, or positional 
approaches, as surface landmarks and skin elasticity variations in different individuals, and for 
different positions, make orientation to landmarks with such devices somewhat of an art, and 
may depend on training methods and experience. As a consequence, inter tester reliability in 
determining ROM may be subject to user errors and even intra tester reliability cannot be 
guaranteed.  
VR also has a number of systems available to it which could be beneficial to determine position 
and motion during both passive and active upper limb actions. However, even these 
approaches have some drawbacks and limitations, when considering accurate real time motion 
capture, for complex joint movements.  
There are a number of approaches for determining ROM that are available. Some of the 
common approaches and issues will be highlighted below and for convenience they will be 
described in the context they are most commonly found; Research approaches (Section 2.2.2.), 
Clinical approaches (Section 2.2.3.), Functional approaches (Section 2.2.4.), and Motion 
tracking approaches (VR) (Section 2.2.5.). Nevertheless in reality there would naturally be 
considerable crossover in their application. 
2.2.2. Research based approaches 
For natural free active movement i.e. that is neither passive nor constrained, (Hamill & Selbie, 
2004) list four main approaches for measuring ROM. One of the more accurate methods that 
can be employed to determine ROM at the shoulder is to insert marker pins directly into the 
bone (Fuller, Lui, Murphy, & Mann, 1997; Reinschmidt, van den Bogert, Nigg, Lundberg, & 
Murphy, 1997). However, whilst this may be the most rigorous approach to give accurate 
determination of the motion and ROM at a given point it is arguable that such an invasive 
approach (even if local anaesthetic were applied) might have a significant effect on an 
individual’s normal reaching and arm motion behaviour, and therefore give aberrant motion 
and even limit the extremes of ROM by physical feedback and pain apprehension. In addition, 
it is hardly a viable approach in a normal therapeutic clinical setting where patient compliance 
with such an invasive approach for normal physical therapy is doubtful and the procedures and 
training that would have to be adopted for such an approach would not be cost effective. 
A second approach is to use skin mounted markers on specific anatomical landmarks typically 
where the osseus (bone) structures lie close to the surface with no overlying musculature, a 
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number of such points are available around the shoulder complex and arm. This approach has 
received criticism however, and is regarded as less accurate (Hamill & Selbie, 2004). Whilst 
easily adopted in a number of applications and studies and recognised as having some uses, it 
is subject to considerable error margins, as the individual markers will move relative to one 
another, as the skin stretches, when accommodating movement and muscle contraction. The 
relative displacement of skin markers, when compared to the underlying bone, was reported 
as being up to 20mm (Fuller, et al., 1997).  
Even more alarming however, when considering the relative complexities of ROM for shoulder 
rotation, are the observations of Reinschmidt, et al., (1997) that suggest in the knee joint, 
(which has a far more constrained ROM in any axes other than flexion/extension) the typical 
error margins for flexion/extension with skin markers averaged 21% and for internal/external 
rotation average error margins are as high as 70%. Whilst it could be argued that this is in 
regard to the knee and not the shoulder, numerous other studies, also largely using the knee, 
have given varied results due to potential sources of error in measuring the reference points 
themselves (Manal, McClay, Stanhope, Richards, & Galinat, 2000; Watkins, Riddle, Lamb, & 
Personius, 1991). The combined results of these studies on skin movement artefacts, in joint 
motion measurements, all indicate that skin movement artefacts are significant sources of 
error in regard to skin markers for motion over a joint surface, and these error margins are 
unlikely to be lower in a joint with a greater movement freedom such as the shoulder. 
A third approach is to mount the markers on rigid structures that are then attached to their 
respective anatomical segment  (Manal, et al., 2000; McClay & Manal, 1997) this approach 
arguably produces fairly good results as the markers on the structure will not move 
independently of one another as they do when placed on distortable skin. Indeed, it has been 
reported that significantly lower displacements are found using plates, than skin markers alone 
(Angeloni, Cappozzo, Catani, & Leardini, 1993). Once again however, these and similar studies 
typically seem to be carried out across the knee joint for practical considerations. Even so for 
such optimal conditions with minimal rotation expectations, rotational errors were evident 
(+/- 2 to 4 degrees) (Manal, et al., 2000) which is hardly promising when considering an 
approach investigating rotation. Furthermore, when considering the shoulder complex 
particularly in the context of rotation, a rigid plate system could encounter difficulties that are 
not readily apparent in a knee joint which has significantly narrower ROM and notably so with 
regard to rotation. Such a system would still need to either be affixed to the skin, or tightly 
adhered with a band-like arrangement or inflexible shell, either approach might not be very 
forgiving with the twisting motions of the soft tissue associated with rotation and the very 
issue that this approach attempts to mitigate may artificially reduce the apparent rotation as 
the skin’s elasticity will be constrained and conform to the position of the plate. Furthermore, 
the rigid shell described in some of the studies, itself, may constrain movement and muscle 
activity, as well as being a physical encumbrance whose presence may alter normal motion 
behaviour. Such a system is well suited to an approach where a single planar ROM artificially 
described by the wearer will demonstrate suitable accuracy for an outcome lead approach. 
Where the movement is patient led, and yet ROM still needs to be accurately represented for 
natural movement behaviour, such an approach would appear to have some deficiencies.  
The fourth approach described (Robertson, 2004) is simply using arrays of markers on 
anatomical landmarks and fixed segments, such an approach does not appear to offer anything 
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not addressed in the last two approaches that would resolve any of the issues highlighted and 
appears beleaguered with the same practical problems and deficiencies. Proponents such as 
Karlsson and Tranberg (1999) observe that great care needs to be taken to ensure the weight 
of the markers or marker attachment devices do not produce subsequent movement artefacts. 
Such levels of careful placement, calibration, monitoring and maintenance do not lend 
themselves readily to natural patient movement or therapeutic intervention in a clinical 
setting. As such for the purposes of determining ROM, particularly rotation, nothing appears to 
be gained from such an approach. 
Initially then none of the typical approaches in biomechanics or kinematic research appear 
viable as a strategy to implement in a clinical setting, either the approach is inherently 
inaccurate and subjective, or offers clinically meaningful accuracy but with inflicted pain and 
inherent risk from invasive procedures that would be unwelcome in a single intervention and 
simply untenable and unjustifiable as part of a regular course of physical therapy. The various 
alternatives appear fraught with inaccuracy and other practical issues which do not appear to 
have expedient solutions. The notion of meaningful accuracy needs to be addressed and 
considered in the context of useful application by a clinical practitioner rather than the gold 
standard of invasive procedures for biomechanics research. Any approach needs to overcome 
or mitigate these issues as there are already inherent limitations with marker systems which 
require expenditure and training, as well as preparation by both clinician and patient in the 
application of marker sets potentially making such an approach unlikely to be utilised unless 
the preparation can be minimised, the reliability optimised for patient and clinician use and 
the benefits evident in augmenting standard physical therapy approaches. 
Despite the potential inaccuracies and issues of such approaches, this is not to say that typical 
clinical approaches that are currently employed in physical therapy fare any better or even 
approach such levels of accuracy indeed for everyday practice, determining ROM is beset by its 
own set of problems and accuracy is arguably highly subjective with both inter and intra tester 
inconsistencies. 
2.2.3. Clinical practice based approaches 
Probably the most commonly used devices for determining ROM in a clinical setting remain 
the various forms of Goniometers (Christensen, 1999; Conboy, et al., 1996; de Winter, et al., 
2004; Riddle, et al., 1987; T'Jonck, et al., 1997; Triffitt, et al., 1999; Youdas, et al., 1993) with a 
number of other devices often being essentially an enhanced variant of this basic principle. In 
the simplest terms these can be thought of as an extended form of protractor and in a similar 
manner have to be manually aligned with the angles you wish to measure and once the angle 
has been visually verified a measure can be taken from the device (Figure 9). Such a system, 
although widely adopted, has a number of potential sources of error however, as well as other 
issues which would undermine its use for real time determination of ROM at the shoulder.  
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FIGURE 9A: EXAMPLE OF GONIOMETRIC MEASUREMENT OF RESTRICTED SHOULDER INTERNAL ROTATION  
   
FIGURE 9B: WITH THE ELBOW (2) FLEXED TO 90O AND HELD HORIZONTALLY LEVEL WITH THE SHOULDER (1), THE DISTAL 
FOREARM (3) PROVIDES AN INDICATOR FOR THE ROTATIONAL ANGLE AT THE SHOULDER JOINT COMPARED TO A VERTICAL 
AXIS (OFTEN PROVIDED BY A PLUMB LINE ) DURING INTERNAL ROTATION (b). THE RELATIVE ANGLE (c) BETWEEN THE FOREARM 
AND THE PLUMB LINE (a) CAN BE MEASURED USING A GONIOMETER. 
A review of clinical measures, such as goniometric measurements of joint angles and ROM, 
suggest that intra- and inter- tester measurement errors for passive ROM are contentious at 
best and for active ROM reliability is generally poor and errors may be considerable 
(Christensen, 1999; Conboy, et al., 1996; de Winter, et al., 2004; Riddle, et al., 1987; T'Jonck, et 
al., 1997; Triffitt, et al., 1999; Youdas, et al., 1993). Furthermore, such measures when 
analysing dynamic motion may have to rely on either subjective descriptions of motion 
patterns, or alternatively when eliciting objective values these typically relate to a static 
snapshot of maximal ROM, which may have to conform to prescribed artificial constraints that 
might not always reflect normal movement and behaviours. Whilst a subjective observation 
approach can be passive, any objective measurements typically have to involve a clinician’s 
active intervention and interruption of a given task and so stop the participant’s motion in 
order to take the measurements, which makes real time capture an unrealistic proposition. 
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Furthermore, without the dynamic action task, the delay in taking measurements may allow 
the joint and associated tissue structures to return to a submaximal position. 
Many studies evaluating ROM measurement do so using hinge joints, (e.g. elbow or knee) 
(Angeloni, et al., 1993; Armstrong, MacDermid, Chinchalkar, Stevens, & King, 1998; Blonna, 
Zarkadas, Fitzsimmons, & O'Driscoll, 2012; Reinschmidt, et al., 1997; Watkins, et al., 1991) that 
have fewer degrees of freedom than ball and socket joints (e.g. shoulder or hip) and are largely 
limited, and measured, with motion in one plane. Whilst this would make determination easier 
for a research study, it avoids the complexities and freedom of movement possible at the 
shoulders which are not so easily addressed when considered in everyday functional activity. 
For hinge joints 2D angle determination in clinical practice is often measured with devices such 
as some form of goniometer and there is a wealth of literature debating their accuracy and 
reliability both for repeated measures by the same practitioner (intra-tester reliability) or 
between different practitioners (inter-tester reliability) and between different devices and 
methodologies (Gajdosik & Bohannon, 1987; Armstrong, MacDermid, Chinchalkar, Stevens, & 
King, 1998; Blonna, Zarkadas, Fitzsimmons, & O'Driscoll, 2012; Christensen, 1999; Kolber & 
Hanney, 2012; MacDermid, Chesworth, Patterson, & Roth, 1999; Riddle, Rothstein, & Lamb, 
1987; Watkins, Riddle, Lamb, & Personius, 1991; Youdas, Bogard, & Suman, 1993). 
Furthermore, and partly in response to this issue, there are also different strategies and 
approaches advocated by different studies pertaining to standardising methodology for such 
measurements (Gajdosik & Bohannon, 1987). In addition the plethora of goniometer variations 
and other devices developed and available to try to improve reliability realistically further 
complicate things particularly for inter- tester comparisons.  
Nevertheless none of these approaches are ideal considering the use of 2D angular measuring 
devices when determining complex 3D angular motion at the shoulder, although some 
approaches have been countenanced and may be viable within certain clinical aims 
(MacDermid, et al., 1999), and for the most part neither do they provide an objective empirical 
description of the actual motion paths and behaviours during normal movement but are 
confined to one instance of measurement within a dynamic context. Furthermore, none of 
them readily address real time measurements during active tasks and this typically remains 
untenable in most clinical approaches where active ROM remains descriptive by subjective 
observation and reporting, or more commonly pseudo objective clinical measures determined 
by goniometric measurement at a final fixed end point of a motion path that does not 
necessarily reflect natural task orientated movement. Where more complex motion 
determinations are clinically indicated then in rare instances such real time active 3D motion 
determination remains the purview of establishments with motion tracking capabilities which, 
as already discussed, has its own set of limitations. 
Even where studies have advocated an approach to reliable measurement determination, the 
results may not always support robust clinical application for realistic motion. In one study that 
reports a favourable reliability outcome when comparing measurements from digital 
inclinometers and goniometers for shoulder mobility across an asymptomatic participant 
group (Kolber & Hanney, 2012) concluded that their results cautiously supported the 
interchangeable use of goniometry and digital inclinometer for measuring shoulder mobility 
measurements which appears encouraging, yet they also responsibly felt a caveat was 
appropriate, stating that although reliable, clinicians should take into consideration the 95% 
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limits of agreement when interchangeably using these instruments, as they felt that this 
discrepancy, although statistically considered reliable, nevertheless belies clinically significant 
differences that are likely to be present within this range. In fact the disparity actually 
measured ranged from 2o to 20o which could hardly be considered as reassuring either 
diagnostically or when determining the efficacy of a treatment programme. 
A study evaluating the reliability and accuracy of Electrogoniometers did not seem to fare any 
better and concluded that it had a high precision but that its accuracy was less than acceptable 
(Christensen, 1999). However, determining the accuracy and reliability of one system by 
comparing it with another system whose own accuracy and inter and intra tester reliability 
have been questioned is potentially a somewhat dubious approach anyhow. Similarly 
investigations into the reliability of digital inclinometers concluded that inter-tester reliability 
was poor. ROM differences of less than 20–25 degrees could not be distinguished from 
measurement error (de Winter, et al., 2004).  
 
FIGURE 10: SUPINE GONIOMETRIC MEASUREMENT (PEDERSON, 2001). 
In contrast, another study by McDermid et.al. (1999) maintains that reliable measures of 
passive ROM for external (or lateral) rotation of the shoulder can be obtained from patients 
with shoulder pathology using standard goniometry. However, to achieve this they advocate 
placing the patient in a supine position (Figure 10).  
Whilst this may yield a reliable clinical value for passive motion this does not relate well in 
terms of normal movement. Placing the patient in a supine position effectively anchors the 
scapula (shoulder blade) against the patients back where it cannot freely move. For 
determining passive limits of motion limited to the glenohumeral joint only this is perhaps not 
unreasonable, but in normal movement, scapular movement contributes considerably to 
shoulder ROM particularly active motion for ADL. To isolate it in this manner does not reflect 
the ROM of the whole complex but rather elicits restrained movement from the several 
remaining components. In this regard whilst biomechanically relevant  for the glenohumeral 
joint itself, it is not kinematically necessarily a fair representation of the full movement 
potential of the shoulder, and is therapeutically limited as from a participants perspective it is 
the whole motion and the limits of controlled hand positioning that determines their 
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functionality in ADL. Furthermore in contrast to McDermid et al., (1999) Lunden et al., (2010) 
are critical of this approach and maintain that its reliability is relatively poor. 
Even passive motion determination then, where movement can be controlled by the clinician, 
still appears to be beset with problems,  Watkins, Riddle, Lamb & Personius (1991) advocate 
taking repeated measurement for determining passive limits of ROM even for the knee (a joint 
with relatively less complex motion) in order to reduce errors. Such strategies though are not 
entirely consistent as to whether the maximal value is the most relevant or the average value 
(Gajdosik & Bohannon, 1987). Even where such repeated measures are taken however, some 
studies report that consistency and reliability appear to be movement dependant with certain 
actions producing greater errors or discrepancies in measurement although which actions are 
most variable is not consistent between studies (Riddle, et al., 1987; T'Jonck, et al., 1997). 
Some of this error may originate in reproducing the passive movements themselves which in 
itself is extremely difficult due to  the stretching  of  soft  tissues  at  the  joint which may elicit 
more movement temporarily, which has to be carefully controlled (Gajdosik & Bohannon, 
1987) this further complicates investigations when comparing active and passive movement 
limits. 
Determining ROM for most joints is complex and the shoulder especially so but there is a 
further impediment when evaluating shoulder ROM with conventional means. A not 
inconsiderable problem when attempting to apply a clinical measuring device such as a 
goniometer to any movements occurring at the shoulder, is that such devices measure angular 
determination or change around a fixed point i.e. with any given movement at a joint it is a 
necessary assumption that there is an axis of movement / rotation. Such an assumption does 
not account for a dynamic axis position during motion and for the shoulder, abduction and 
rotation are known to be accompanied by gliding motions within the glenohumeral joint and 
rotation at the shoulder occurs with two known instantaneous centres of rotation dependant 
on humeral position (Kapandji, 1970). 
2.2.4. Functional based approach  
For a number of clinical evaluations there are widely accepted reputable means of establishing 
diagnostic criteria without objective, precise, measures. These can include signs and symptoms 
elicited through detailed patient history taking and observation, standardised self reporting 
questionnaires, coupled with physical examination, and orthopaedic physical assessments with 
functional tests. 
Standardised questionnaires have been widely adopted for certain measures in clinical 
practice. The “Disabilities; Arm Shoulder and Hand” (DASH) consisting of a 30-item functional 
disability-symptom scale for disabilities of the arm, shoulder and hand provides a reliable and 
valid patient-centred outcome (Atroshi, Gummesson, Andersson, Dahlgren, & Johansson, 
2000; Roy, MacDermid, & Woodhouse, 2009). The full questionnaire can be unnecessarily 
burdensome, for the degree of granularity required for some outcome measures, and so a 
shortened yet validated version known as QDASH is also widely utilised and well accepted. This 
provides a functional evaluation of the restrictions on ADL imposed by the injury or 
dysfunction from the patients perspective; as such it relies on self reporting which is not 
without its own problems but nevertheless is well regarded  (Beaton, Wright, & Katz, 2005; 
Fayad et al., 2009; Mintken, Glynn, & Cleland, 2009; Whalley & Adams, 2009). Some 
standardised approaches for measuring self reporting of pain perception include the “visual 
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analogue scale” (VAS) for the level of perceived pain at that moment, and the “quadruple 
visual analogue scale” (QVAS) to ascertain the range or degree of pain commonly perceived in 
ADL, at different intensities of activity and specifically before and after the study interventions, 
again these measures are widely in use for clinical and research investigations (Bijur, Silver, & 
Gallagher, 2001; Jensen & Karoly, 1992; Price, McGrath, Rafii, & Buckingham, 1983). 
A number of functional diagnostic tests are available to clinicians to compare muscle 
functionality, ROM, and to isolate and test specific structures and components of movement 
that may elicit pain or localised dysfunction. One such test for active functional ROM for the 
shoulder is referred to as Apley’s Scratch Test (Hoppenfeld & Hutton, 1976; Magee, 2008; 
Woodward & Best, 2000) (Figure 11). 
Apley’s Scratch Test looks for limitations in motion of the upper extremity. Each of the three 
motions is normally performed bilaterally for comparison:  
Action (i): The subject is instructed to touch the opposite shoulder with his/her hand. This 
motion checks glenohumeral adduction, internal rotation, horizontal adduction and scapular 
protraction. 
Action (ii): The subject is instructed to place his/her arm overhead and reach behind the neck 
to touch his/her upper back. This motion checks glenohumeral abduction, external rotation 
and scapular upward rotation and elevation. 
Action (iii): The subject puts his/her hand on the lower back and reaches upward as far as 
possible. This motion checks glenohumeral adduction, internal rotation and scapular retraction 
with downward rotation.  
The latter two actions in particular, can provide a fairly clear indication, for trained clinicians, 
of functional limitations, in active, internal or external rotation, at the shoulder.  
      
FIGURE 11: APLEY’S SCRATCH TEST PARTS II (EXTERNAL ROTATION) & III (INTERNAL ROTATION) 
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Such tests however, do not provide any reliable, measureable or recordable data except that 
of subjective observation and interpretation, which lacks precision and is subject to 
observational or reporting bias with no direct means of verification or linear comparison over 
the course of treatment except in the broadest sense. As such it provides little or no means of 
quantifiable outcomes or viable determination of inter or intra tester reliability.  Their simple 
expediency and established usefulness for subjective assessment nevertheless ensures it 
remains a viable diagnostic tool in the physical therapist’s inventory. Its application however, 
could potentially be broader and more robust if there were to be a means of recording 
quantifiable objective and reliable data from such low burden approaches. 
There are a variety of interpretations of Apley’s scratch test each with its own described 
movements that, whilst useful as an ongoing intra tester comparative measure, nevertheless 
have potentially quite distinct implications as to the contributive elements that make up that 
movement. In addition it would appear that the execution of these movements during testing 
is poorly defined. As such, this largely subjective measure is either used for descriptive 
purposes only or otherwise has been given a variety of scoring mechanisms that do not readily 
translate for inter tester reliability between practitioners using different systems (Reese, 
William D. Bandy, & Charlotte Yates, 2009). 
Hoppenfeld (1976) suggests conducting the rotational elements of the test with one arm 
reaching over to touch the superior angle of the opposite scapula then reaching under and 
behind to touch the inferior angle of the opposite scapula. The test is regarded as largely 
descriptive, observing limitations, weakness, and any abnormal rhythm or symmetry. Reese et 
al. (2009) document several other approaches including conducting the test with one arm 
reaching over the shoulder and the other reaching under the shoulder whereupon a measure 
of the distance of separation between the tips of the fingers of the opposing hands is taken 
and compared to the separation distance when the relative arm positions are reversed. A 
further variation of this approach (Fitnessgram) involves the same movements with the scoring 
further simplified to “yes” if the fingertips meet and “no” if they don’t (Welk & Meredith, 
2008). These approaches however, do not objectively distinguish between the rotations 
achieved in either of the shoulders. Magee (2008) suggests conducting the test with one arm 
at a time and recording the level of the vertebra that the finger tips are closest to. This 
however does not distinguish between rotation that occurs in the gleno humeral joint and any 
accessory contribution from the relative motion of the scapula with regards to the spine. In 
addition this involves interrupting active motion and relies on a subjective measure. Reese et 
al. (2009) document a further scoring method in use which involves conducting the test with 
one arm and measuring the distance between the fingertips and the spinous process of the 7th 
cervical vertebrae. This raises the same issues as the test advocated by Magee (2008) but also 
means that an effectively similar test has two different methods of scoring. 
Although a useful expedient for subjective assessment of overall shoulder flexibility, the use of 
reference landmarks that are not directly part of the shoulder complex means that 
discernment of the rotational contribution from the shoulder joint itself is relatively poor. 
However, using a landmark on the scapula instead with an objective real-time measuring 
system could provide a potential proxy measure that aids discernment of shoulder rotation. 
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Such functional approaches do, however, offer a few insights as to why they are readily 
employed and where in combination with other approaches and technology, new benefits 
could be elicited. One feature that approaches such as clinical goniometery, and functional 
tests such as Apley’s, have in common is to attempt to reduce (albeit with arguable efficacy) 
the complexity of the motion being analysed, by reducing key elements into one plane of 
movement for analysis in 2D. In the case of Apley’s scratch test, the approximation of hand 
reach behind the shoulder gives a clear although subjective assessment by reducing complex 
shoulder rotation into a single plane by isolating the other planes from the available 3D motion 
from the point of view of the clinician, thereby reducing observational discrepancies that can 
occur in other rotational tasks. In this manner, hand position or reach, along a single plane, 
gives a fair representation of shoulder rotation performance in a task that has meaningful 
ecological validity to the patient’s needs and is effective simple and timely for the clinician’s 
needs. Effectively hand reach in this case provides repeatable patient controlled movements 
(active rather than passive) giving proxy measurements that relate to shoulder rotation 
(Magee 1987). Functional ROM tests are easy to employ with minimal preparation, however, 
observational subjectivity in these instances limit their clinical reliability and usefulness. 
2.2.5. Motion tracking VR based approaches 
The range of different approaches and solutions for motion tracking vary considerably (Zhou & 
Hu, 2005). However, most of the VR studies reviewed that address upper limb movement in VR 
utilise methods that fall broadly within four approaches for determining motion or joint 
positioning in VR for the upper extremity. Many of the systems used for motion tracking the 
upper extremity input position data using motion capture systems such as optical camera 
tracking; both in 2D video capture and edge tracking (Chang, et al., 2011; Kizony, et al., 2003; 
Kizony, et al., 2005; Sveistrup, et al., 2003), or full 3D optical motion capture using a series of 
cameras and markers (Subramanian & Levin, 2011). A common alternative approach is to use 
sensor tracking such as magnetic motion tracking (Crosbie, Lennon, McNeill, & McDonough, 
2006; Viau, et al., 2004; Zhou & Hu, 2005) or glove-like interfaces (Adamovich, et al., 2005; 
Burdea, Deshpande, Langrana, Gomez, & Liu, 1997; Jack, et al., 2001). Other approaches 
include motion input devices using accelerometer data or similar to allow interactive 
movement without capturing the precise positional data (Zhou & Hu, 2005). Innovative 
approaches continue to be developed and many of these systems are becoming relatively low 
cost, simple to implement, and some are commercially available off the shelf systems. 
2.2.5.1. Optical motion tracking  
Optical motion tracking or video capture with edge tracking using cameras sometimes in 
conjunction with passive marker sets have been used in a number of studies (Kizony, et al., 
2005; Knaut, Subramanian, McFadyen, Bourbonnais, & Levin, 2009; Sveistrup, et al., 2003; Yeh, 
Rizzo, Wang, Parsons, & Sawchuk, 2007). However, some of these systems are limited to 
recording movement in one plane (e.g. Irex Gesturetek, Sony EyeToy) which, whilst having 
been used for upper limb tasks, are not sufficient to allow for the 6 degrees of freedom 
needed for the shoulder complex (Figure 12).  
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FIGURE 12:   VR SYSTEMS TRACKING MOTION IN ONE PLANE. A) GESTURETEK SOCCER, (JOHN-VINCENT, n.d.b). B) SONY EYETOY 
BUBBLE POP (KIDMAN, 2004)  
Where multiple planes can be captured (e.g. Vikon, Optitrak, Qualisys), the complexities of 
shoulder rotation mean that optical marker positions can be prone to occlusion, or confusion 
on close proximity, requiring data to be reviewed, extrapolated and corrected which can make 
real time application for VR interaction problematic and dynamic data capture open to 
measurement errors. 
Motion capture (MOCAP) systems using optical tracking, (e.g. Vikon, Optitrack, Qualisys)  are 
used in a variety of applications including research into kinematics and also for VR, however, 
reliably meeting the demands of both for complex motions are not necessarily easily 
encompassed. 
Optical motion tracking systems require a series of cameras that need to occupy physical space 
in the room which can pose problems in a full screen or immersive semi cave VR setup. This is 
not insurmountable but would require modification of the room in order to effectively mount 
the cameras away from the projectors and screens. Also, markers are commonly mounted on 
“skin tight” suits, (Figure 13) which might pose a problem for participants with shoulder 
problems to put on. Furthermore, this could further add to measurement errors from 
movement relative to the skin or underlying structures. However, although not typical, there is 
nothing to prevent the markers being mounted on the skin but this still raises some of the 
same issues highlighted above (Section 2.2.2.)   
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FIGURE 13: OPTICAL MOTION TRACKING MARKER SYSTEM (WHITEHEAD, 2007) 
A bigger problem with conventional optical markers comes from the risk of occlusion of 
markers by physically blocking line of sight from the cameras to the marker or by confusion 
with the approximation of two or more markers in the same space. Utilising more cameras 
reduces these risks but only partially and with tasks such as internal rotation these risks are 
quite likely. However, most software can extrapolate the likely position of a given marker 
based upon an assumption of fixed length body segments. However, this can result in 
significant errors and erroneous conclusions as to marker positions. This means that optical 
motion capture data often needs to be checked and corrected for errors before it can be 
utilised. These factors significantly limit its uses for real time motion tracking, particularly 
where the seemingly instantaneous effects of movement need to be perceived as having an 
appropriate effect in the VE, a consideration which severely limits its potential in this context 
and excludes it from further consideration at this time, for this investigation into rehabilitation 
in a VR setting.  
2.2.5.2. Magnetic motion tracking 
Active or passive sensor tracking such as magnetic motion tracking systems (e.g. Polhemus 
Fastrack, Ascension Technology Flock Of Birds and Motion Star) have also made significant 
contributions to upper limb rehabilitation studies using VR (e.g. Crosbie, et al., 2006; Viau, et 
al., 2004). 
In a similar manner to optical tracking systems, magnetic motion tracking utilises a marker 
system to operate, unlike the optical tracking however, these markers are not passive but are 
active sensors that can detect their positional x,y,z, coordinates in real space relative to a 
magnetic field transmitter along with their respective pitch, roll and yaw.  
A significant advantage of magnetic motion tracking is that there are none of the line-of-sight 
(LOS) issues common to optical tracking, which is of particular benefit for the kind of 
movements involved in shoulder rotation where occlusion of sensors is a natural occurrence. 
Furthermore, upon close approximation of sensor positions their resolution remains distinct 
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from each other and therefore there is no risk of confusion between them as is sometimes 
seen with optical tracking. This allows unrestricted tracking, data capture and interaction 
within VR in real time without the need to clean up the data post capture, making normal 
movement and interaction in a VE viable.  
The Ascension Technology, Flock Of Birds system, uses magnetic sensors which have a static 
accuracy of 0.1o and 1.8mm (Root mean squared deviation from true), they can discern 
differences as small as 0.5mm resolution, making them suitable for clinical measurements 
(Meskers, et al., 1999) and are considered reliable (Hamming, Braman, Phadke, LaPrade, & 
Ludewig, 2012; Koerhuis, Winters, van der Helm, & Hof, 2003; Meskers, et al., 1999). The 
sensors and system itself allows high sampling rates (144Hz) that can be controlled, thereby 
further reducing potential issues with lag in a VE that can be a confounder for data capture as 
well as an issue for spatial perception and participant engagement. The sensors are wired 
however, unlike the optical markers, and whilst worn they must be connected to a pack worn 
around the waist that contains a battery. Whilst the sensors are lightweight, both the wires 
and the pack are a potential encumbrance that requires care to ensure they do not restrict 
movement, but this not insurmountable.  
There are nevertheless some drawbacks to magnetic motion tracking systems particularly 
when considering their incorporation into a conventional rehabilitation context. First and 
perhaps foremost is the risk of distortion due to magnetic anomalies in the environment 
(Meskers, Fraterman, van der Helm, Vermeulen, & Rozing, 1999; Périé, Tate, Cheng, & Dumas, 
2002). This is no small consideration and indeed orientating the transmitter, calibration and 
magnetic mapping may take a considerable amount of time and effort (Section 3.2.2.1.) and 
even then (assuming the clinical institution does not create a bespoke building) the amount of 
overall utilisable space will be restricted, unless distortions can be compensated for, which is 
complex. Typically therefore the work space will be constrained by the limits of the 
“magnetically safe” space that can be determined to be free of potential distortions, such as 
ferrous metals embedded in concrete, pipework or objects around the workspace. This also 
means that portable artefacts with magnetic properties need to be cleared or at least remain 
consistent in their placement between each successive use. A further consideration in this 
regard can include the patients themselves, and so any potential risk from surgical plates or 
pins, pacemakers and embedded objects such as shrapnel must be considered and screened 
for, and for patients who may include individuals undergoing post-operative rehabilitation this 
is not wholly unlikely. Therefore, this coupled with the earlier considerations, might reduce its 
application potential. More recent systems have been developed that use pulsed field 
generation which claim that they are less affected by metal environments and this may 
circumvent a number of these issues for future applications.  
Despite the potential drawbacks of magnetic distortion, in most other respects this type of 
system currently seems to have the most potential for shoulder rehabilitation in terms of 
tracking 6 d.o.f., reliability, discrimination and real time application.  
2.2.5.3. Joint angle motion tracking 
Joint encompassing wearable interfaces such as suits (e.g. moven gypsy gyro, xsens) or gloves 
(e.g. Dataglove, Cyberforce, P5) or bespoke, mechanical,  interfaces (e.g. Rutgers Arm) have 
been used with some success (Adamovich, et al., 2005; Burdea, et al., 1997; Crosbie, 
McDonough, Lennon, Pokluda, & McNeill, 2004; Greenleaf, 1997; Jack, et al., 2001; Kuttuva, et 
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al., 2006; McDonough, Crosbie, Pokluda, & McNeill, 2003). Some of these systems are specific 
to the hand and wrist and therefore offer no useful potential for this investigation at this 
stage. Many of the others do not lend themselves readily to shoulder specific movements in a 
rehabilitation context as either they are cumbersome and restrictive for normal free 
movement (Figure 14) or simply awkward and uncomfortable to put on for those who already 
suffer from shoulder limitations and injury and in this regard they share some of the same 
disadvantages seen with MOCAP body suits for optical tracking. Furthermore, some systems 
that measure the bend across a semi rigid system may suffer from drift and hysteresis with 
gradual deformation creating an increasing error margin with prolonged use or requiring 
regular recalibration or replacement (Greenleaf, 1997).  
 
FIGURE 14: JOINT ANGLE MOTION TRACKING - ANIMAZOO GYPSY-7 EXOSKELETON (SENZTECH, 2009) 
Some bespoke systems which by their nature are relatively unique may lack conformity or 
standardisation across multiple systems compromising intra tester comparisons (Greenleaf, 
1997). Some bespoke systems are also designed with a very narrow focus in mind reducing 
their broader application for example the Rutgers arm is designed around quite severe 
limitations where movement, whilst not passive, nevertheless is supported throughout by a 
flat surface and progress measured by hand displacement rather than limits of ROM (Kuttuva, 
et al., 2006). 
2.2.5.4. Other Tracking Systems and Implications  
Numerous other approaches to motion tracking have been utilised in VR rehabilitation systems 
Ultrasound and markerless systems can detect quite small amplitudes but suffer from the 
same occlusion issues discussed under optical and video tracking. Haptic force feedback 
devices (Phantom, Omni, Falcon, Cybertouch, Cybergrasp) can also be used but are generally 
limited to fingers, hand and wrist interfaces and show no evident means of use for the 
shoulder. 
Systems such as those using inertial sensors or accelerometers (Nintendo Wii, xsens) have 
been incorporated or adopted into therapeutic applications but essentially contribute a 
method for interaction and engagement but do not provide positional data capture with any 
degree of reliability. The Nintendo Wii system is not a motion tracker in the traditional sense 
but does detect the relative motion and orientation of a hand held game controller using a 
combination of infrared sensor and accelerometer data. The motion tracking therefore is not a 
true representation or capture of actual motion and so cannot provide accurate kinematic data 
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as such and can be subject to drift. Nevertheless in terms of promoting general exercise, 
including in a rehabilitation context, it has proven to be quite popular, with a range of 
engaging games including those specifically intended to provide a representation of real world 
physical games, such as with the Wii fit and Wii sport. However, in its current form it cannot 
track complex motions of the shoulder, that would include internal and external rotation, as it 
is subject to the same LOS issues seen with optical tracking and does not accurately determine 
spatial location with 6 degrees of freedom, and therefore its utilisation for VR with regard to 
shoulder rehabilitation is somewhat limited to generic exergames and whilst it may have 
therapeutic benefit, its use remains controversial  (Bee, 2007; Bonis, 2007; Cowley & Minnaar, 
2008) and so as they have no evident potential for shoulder motion tracking with regard to 
functional rotational tasks or determining ROM, they will not receive further consideration at 
this point.   
The Startour system (Yeh, Rizzo, Wang, Parsons & Sawchuk, 2007) uses a dual webcam 
approach for tracking the motion of separately coloured LEDs to determine their relative 
position but currently this is largely limited to small local area movements such as with the 
wrist and hand and also is prone to the same problems as optical or video capture. The 2D 
optical motion tracking mentioned earlier such as Gesturetek Irex, and Sony Eye Toy which use 
camera based edge tracking and are mostly limited to capturing motion in one plane and are 
therefore limited for ascertaining complex shoulder motion although some attempts  to adapt 
this for 3D motion tracking are being pursued by Gesturetek. For the sake of completeness it 
should be mentioned that a number of other technological motion tracking systems have 
emerged in recent years including markerless and advanced edge tracking systems which may 
have considerable future potential but are as yet not suitable or reliable for 3D motion 
tracking and so for the most part will not be considered in further detail here. 
2.2.6. Implications for VR based approach  
None of the approaches appear to be ideal, however, lessons learned from these approaches 
combined with available technology could minimise some of the common issues and provide a 
means to find a workable, easily implemented solution that retains an acceptable level of 
recordable objective measurement. In light of the apparently insurmountable issues in 
extrapolating accurate rotation data in normal patient controlled movement at this time, and 
considering the subjectivity and potential issues of interference in observational approaches 
another approach seems to be needed. Perhaps a combined approach with markers and 
extraneous equipment being reduced to a minimum to capture key movement of clinical 
concern and utilising practical lessons from physical therapy, whilst not solving all the 
problems, could potentially provide clinically usable information without the preparation and 
complexity of full marker systems, and without the subjectivity of normal methods. 
Magnetic motion tracking appears to be the only system capable of reliably coping, in real 
time, with the issues of occlusion of LOS and discerning between the close approximations of 
markers or sensors. However, despite its reported accuracy, placing sufficient wired markers to 
reliably map upper torso and limb movements through rotational tasks, means that much of 
that accuracy becomes compromised, as skin mounted markers shift relative to one another 
with the contraction of underlying musculature and the distortions of the skin. (Hamming, et 
al., 2012). Moreover, the system becomes cumbersome to apply and wear for patients with 
shoulder restrictions.    
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The components of Apley’s scratch test appear functionally relevant and easy to implement 
and effectively reduces complex motion to a single planar measurement but it remains reliant 
on subjective observation that does not provide consistent recordable data. 
By combining these approaches it is possible to use a reduced marker system, (potentially as 
few as 2 markers could suffice) this then can be mounted on superficial osseus (bony) 
landmarks to reduce distortions1.  These then can provide relative yet consistent quantitative 
positional data.  With limits of functional rotational ROM being converted to relative positions 
within a single plane and indeed a single linear height difference on the z axis, then this can be 
used as a consistent proxy measure for maximal rotation achieved. The two markers can also 
allow both a means of determining gaze direction, as well as physical interaction with objects 
in the VE (Sections 3.2.2.3. & 3.2.2.4.), without the addition of extraneous marker sets or 
specialist clothing. This system then does not purport to give an accurate veridical 
measurement as such (the values are not even in degrees) but in its simplicity it should be easy 
to apply with a fair degree of consistency with minimal tuition and moreover should generate 
proxy, comparable, values that should be reliable, consistent, precise, recordable, and for a 
given participant, should allow for a reasonable degree of inter and intra tester reliability even 
across the duration of a rehabilitation strategy. 
The available VR literature is notably limited in addressing whether the elements of VR could 
be usefully applied to increasing the submaximal ROM for internal and external rotation of the 
shoulder in a rehabilitation context. This approach, whilst perhaps unconventional, would 
allow a relatively straightforward approach to investigating this crucial aspect of upper limb 
motion. 
                                                             
1  (*Suitable sites include: [i] the antero lateral margins of the acromion process of the scapula (shoulder blade, near the shoulder 
joint), [ii] proximal lateral surface of the lateral epicondyle of the humerus (elbow end of the upper arm), [iii] postero-lateral 
surface of the olecranon process of the ulna (elbow end of the forearm)and either [iii] the styloid process of the distal radius or [iv] 
Lister’s tubercle of the distal radius, (wrist end of the forearm) although to monitor the critical elements of Apley’s scratch test for 
rotation [i] & [iv] are sufficient). 
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2.3. Potential issues with reaching and grasping tasks in VR – Spatial 
perception 
In order for VR to contribute meaningfully to rehabilitation of the upper limb it needs to 
encompass some form of interactive experience that conveys the prescribed exercise 
movements to the user and responds appropriately. This necessitates some form of action task 
often with a purposeful narrative and generally some form of objects that the arm and hand 
can interact with. For this to remain engaging the user has to be able to know which objects to 
interact with and where those objects actually are. 
The majority of VR studies aimed at upper limb motion and rehabilitation entail some form of 
immersive VE that contains interactive objects or targets for the participant to interact and 
engage with, some of these simulate real world tasks others are more akin to games. The 
nature of these targets and the visual elements of the VE are not incidental to the design but 
need appropriate consideration.   
The elements of the VE and the interactive components within it present an array of visual 
cues to the user in order to create a sense of depth and spatial perception but also convey 
other subtle cues that can influence the users’ perceptions of the space and objects they will 
engage with. The array of visual cues used to determine relative spatial positions is wide 
ranging and combinatorial in nature. Each cue is given a weighting as to its importance or 
reliability to arrive at a perceived interpretation of the surrounding environment and the 
juxtaposition of items within it. Even in the real world this is not infallible but it is remarkably 
faithful in most situations, up to a distance of 20m when in association with the ground plane 
or around 2-3m otherwise (Thompson, Dilda, & Creem-Regehr, 2007; Wu, Ooi, & He, 2004). 
However, in a computer generated simulation such visual cues are not always rendered in a 
veridical manner and may omit or misrepresent subtle elements. 
This spatial perception problem is further compounded by a disparity in the cues delivered 
through different display systems and even by the tracking, interface, ergonomics, haptics or 
other sensory feedback, that represents the user’s motion and interaction in this VE. Due 
consideration of these aspects requires informed compromises to achieve a usable outcome 
with the current levels of processing technology. 
These issues further complicate functional tasks for the upper limb in VR as fine precision for 
interaction within 3D space requires sufficient visual and perceptual cues to determine an 
objects location. Some studies avoid this by using 2D interception tasks but this is only viable 
for motion that is concerned primarily with one plane. In all other regards accurate calibration 
of the real and VE is essential, as is understanding which elements contribute or detract from 
accurate spatial and depth perception.  
2.3.1. Distance compression in VR 
Research using immersive VR has quite consistently found that users perception of distance 
effectively become compressed within VR and there is a large and ever increasing body of 
existing work in virtual and augmented distance judgments (Richardson & Waller, 2007; Swan 
et al., 2006; Swan, Jones, Kolstad, Livingston, & Smallman, 2007; Thompson et al., 2004; 
Willemsen, Colton, Creem-Regehr, & Thompson, 2004; Willemsen, Colton, Creem-Regehr, & 
Thompson, 2009; Willemsen & Gooch, 2002; Witmer & Sadowski, 1998). This distance 
compression is evident during visually directed action tasks even when given full visual cues, 
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although reduced cues increase this misperception accordingly, although not linearly or 
consistently (Durgin, Fox, Lewis, & Walley, 2002; Loomis & Knapp, 2003; Willemsen & Gooch, 
2002; Witmer & Sadowski, 1998). The literature suggests that the dependence on a variety of 
visual cues to determine distances show that no individual cue or set of cues dominate but 
rather the effectiveness of those cues show interdependancies and covary in their weighting 
that an individual’s senses assign in order to determine their interpretation and reason of their 
environment and absolute and relative distances within it (Creem-Regehr, 2005; Cutting, 1997; 
Fine & Kobrick, 1983; Hu et al., 2000).  
Whilst some VR systems attempt a photorealistic simulation of real world tasks and 
environments, there remain at this time unassailable visual differences in the rendering and 
representation of such VEs compared to the real world. Attempts to mitigate these by 
manipulation of visual elements or the display of the environment in order to suspend 
disbelief have met with varying degrees of success in the individual’s sense of presence or 
immersion. Other approaches have avoided the issues of fidelity in realism instead allowing 
the individual to engage through the narrative implied in the environment, or to use visual 
elements as a framework for the individual’s own narrative, memories to supply the immersive 
elements and this is apparent in some studies involving post traumatic stress disorder (PTSD) 
or psychological psychotherapy studies (Bouchard, Cote, St-Jacques, Robillard, & Renaud, 
2006; Rizzo et al., 2008). Alternatively fictitious environments whose immersive qualities are 
achieved through highly interactive gameplay (Hoffman, et al., 2000; Kizony, et al., 2003; 
Ustinova, et al., 2011) can be used that vary considerably in their visual quality as in this case it 
is largely perceived as an aesthetic element. Game play in VR that uses little or no serious 
attempt to visually represent a real world simulation have nevertheless demonstrated 
immersion with clear therapeutic benefits including pain suppression (Hoffman, et al., 2000) 
suggesting that photorealism in visual representation is not a critical element of VR  for 
rehabilitation (Figure 15). 
  
FIGURE 15: SNOW WORLD - NON-PHOTOREALISTIC VE IN THEREPEUTIC USE.  A)  BURNS VICTIM WITH VR IMMERSION IN SNOW 
WORLD TO AID PAIN SUPPRESSION DURING DRESSING CHANGES (HOFFMAN, 2003) B)  SNOW WORLD VE  (MINKOFF Courtesy 
of HOFFMAN, 2009).  
Discrepancies between the visual perception of the physical real world and that represented in 
a VE are to certain extent to be expected. Moreover, they can even be intentional and can be 
utilised to simulate extraordinary environments, to elicit responses, influence mood, invite 
interaction or play and even deliberately influence behaviour through deceiving the senses to 
achieve a therapeutic aim (Cole, Crowle, Austwick, & Slater, 2009; Powell, et al., 2006).  
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However, for quite some time studies in VR have been reporting and attempting to investigate 
an apparent mismatch between the user’s perception of the relative distances of virtual 
objects in the VE, the actual physical real world distances and the intended simulated distance 
conveyed by the designer through the medium of VR. Whilst a perceived visual mismatch may 
take many forms, one reasonably consistent discrepancy in distance perception is 
underestimation and as a consequence to perceive the distances in a VE as effectively 
compressed. This distance compression is notably important where the user is expecting non-
trivial interaction through direct contact actions, such as those performed in reaching and 
grasping tasks in virtual rehabilitation and exergaming and as such this seemingly undesirable 
side effect of many VR systems threatens to undermine the efficacy and implementation of a 
number of upper limb rehabilitation strategies using VR.  
Most individuals when assessing distances in the real world, are able to make relatively 
accurate estimates of egocentric distance within what is referred to as the action space, which 
is from the extent of the peripersonal space up to around 20m or so from the observer (Foley, 
Ribeiro-Filho, & Da Silva, 2004; Gibson & Bergman, 1954; Loomis & Knapp, 2003; Philbeck & 
Loomis, 1997; Riecke, Behbahani, & Shaw, 2009; Rieser, Ashmead, Talor, & Youngquist, 1990). 
Consequently many individuals rely on a faithful visual representation of relative and absolute 
depth and distance in order to initiate reaching actions, when such cues are absent or 
obfuscated, estimation of distance becomes increasingly inaccurate as visual cues diminish 
(Gogel & Tietz, 1973; Gogel & Tietz, 1979; Philbeck & Loomis, 1997) then reaching actions may 
fail to collocate the hand and target object and subsequent grasping actions are misplaced 
with no apparent justification to the user causing dissonance and potential frustration and 
disengagement with the task.   
This distance compression is often proportionately large, and highly problematic, many studies 
report that when individuals are asked to judge distances in VEs, they typically underestimate 
distances by as much as 50% (Loomis & Knapp, 2003; Riecke, et al., 2009; Thompson, et al., 
2004; B. G. Witmer & Kline, 1998; Witmer & Sadowski, 1998). The reasons and relative degree 
of distance compression reported appear varied however, with egocentric depth 
underestimations ranging from 68% in some studies to just 6% in others (Jones, Edward Swan, 
Singh, Kolstad, & Ellis, 2008).  Investigating the factors involved are further complicated by the 
diverse virtual representations and the display systems utilised to convey the VE and its 
elements to the user.  
Nevertheless some studies have attempted to establish values for the distance compression 
phenomenon in VR and these have initially proffered that the participant’s visual depth 
perception would be compressed at a ratio of around 0.74 perceived metres per 1 metre in the 
real world (Durgin, Fox, Schaffer, & Whitaker, 2005; Frenz, Lappe, Kolesnik, & Buhrmann, 
2007). However, in light of other studies, it has to be considered that the studies by Durgin et. 
al. (2005) were performed on a treadmill or using a Head Mounted Display (HMD) both of 
which have been shown to contribute their own distance perception distortions and therefore 
it is arguable as to whether their results would be readily transferable to other VR 
environments, such as free active overground walking in a semi CAVE environment. 
Furthermore, in the case of the study by Frenz et. al. (2007) motion was simulated and the 
patients were static and therefore normal proprioceptive feedback cues would have been 
absent. Furthermore, peripheral visual cues were also absent as a necessity for this study, and 
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this is not common in the real world, and within a VE  they could be expected to contribute to 
intuitively provide visual distance estimation cues.  It is possible then, that these findings may 
not translate to all VEs as their relative contributive effect has not been properly established.  
It is highly likely that distance compression will vary from system to system and will be a 
product of a number of interacting factors. Furthermore, the mechanisms that contribute to 
this compression may also be varied and are as yet still to be determined with some literature 
suggesting that perceived ground distance in locomotor space is increasingly compressed at 
greater distances  (Gilinsky, 1951; Ooi & He, 2007) while others suggest that it its compression 
remains roughly constant (Foley, et al., 2004), whilst other evidence suggests it is essentially 
accurate  (Loomis, Da Silva, Fujita, & Fukusima, 1992) or that perception can readily adapt to it 
(Jones, et al., 2008; Jones, Swan, Singh, Franck, & Ellis, 2009). It becomes evident that it cannot 
be assumed that visual cues will retain their normal relative weighting in an individual’s 
perception, when viewed through different display systems as opposed to the real world 
(Cutting, 1997; Hu, et al., 2000).  
It is readily apparent from the literature that there is not a one size fits all solution approach 
that can be applied to the diverse array of VEs and display systems, neither is it likely that one 
single factor is the source of this spatial perception discrepancy (Loomis & Knapp, 2003; 
Witmer & Sadowski, 1998). It is also apparent that many of the depth or spatial perception 
cues that are taken for granted in the real world cannot be assumed to be faithfully 
reproduced in VR nor even that where an attempt has been made to do so it will remain 
consistent with the user’s cognitive expectation when presented through a display system with 
its own conflicting cues.  
Consequently therefore, establishing numerical relative scales in order to allow for distance 
compression may as yet be impracticable, nevertheless a number of common factors have 
been identified and whilst their absolute relative contributions may not be established, 
designing VEs that attempt to minimise the impact for the majority of these factors should 
provide a suitable starting point in VR study design. Such factors are likely to be both inherent 
with the display system used, and in the types of visual cues presented within the VE. 
A common assumption is that low quality computer graphics are a significant source of 
distance underestimation, yet whilst they may contribute to other spatial perception issues 
such as surface contact estimation (Madison, Thompson, Kersten, Shirley, & Smits, 2001) their 
effect on distance perception does not appear particularly marked. Thompson et. al. (2004)  
investigated  the effect of low-quality computer graphics and even simple wire frame renders 
compared to photorealistic images on distance perception in VEs, using blindfolded walking 
tasks and reported that even photorealistic images of a real environment when viewed on 
HMDs did not reduce the distance underestimation in VEs (Thompson, et al., 2004). In contrast 
however, Riecke et.al. (2009) found no such compression when using photoimagery viewed 
through various displays even through head mounted displays (HMDs). However, a number of 
studies have reported significant distance compression issues when using HMDs and so it 
seems reasonable to ascertain why such display systems seem particularly susceptible to 
distance compression and where possible to identify common factors that can be 
compensated for when developing a suitable study design.   
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2.3.2. Displays Screen vs HMD and issues with use 
In the real world the normal horizontal field of view (FOV) is around 200o (Creem-Regehr, 
2005; Drascic & Milgram, 1996b). The reduced FOV and screen size in HMDs have both been 
attributed as potential sources of misperception in VR, however, once again the 
interdependency of visual cues clouds the issue.  Plumert, Kearney, Cremer & Recker (2005) 
showed that distance perception in a VE using a large immersive display (and therefore 
unrestricted FOV) is similar to that in a real environment, which would seem consistent with 
the idea that FOV and screen size are contributing factors. However, (Creem-Regehr, 2005) 
showed in a real-world distance perception study that whilst the combination of a restricted 
FOV and restricting head motion produced a distance compression effect, neither FOV 
restriction nor limited head motion alone produced underestimation. Moreover, Creem 
Regehr et. al. (2005) demonstrated that in some cases a FOV as low as 42o may still allow 
relatively accurate depth perception. Therefore a horizontal FOV between 42o and 200o should 
be sufficient when accurate depth perception is important. Furthermore, it has been reported 
that keeping the physical FOV constant but using larger screens increases performance for 
spatial tasks (Tan, Gergle, Scupelli, & Pausch, 2006) yet Riecke et al. (2009) observed that in 
their study perceived egocentric distances were independent of the size of the viewing display 
when they were viewed at the same physical FOV.  
Whilst these findings lack some clarity, it would seem reasonable to assume that whilst screen 
size may be a factor in influencing distance compression, it is evidently not an absolute 
determinant in isolation.  
A not insignificant issue that arises from using stereoscopic imagery rendered and displayed 
through binocular viewing devices, such as an HMD, is the disparity between the relatively 
close distances the eyes have to focus at in order to perceive the displayed image on the 
screens and the relatively longer distance that the senses perceive is needed in order to focus 
on the object in the virtual world. Whilst this is possible for a period of time it produces a 
conflict between optical accommodation to view the HMD screens and binocular disparity cues 
that demand optical vergence for the immersive VE (Wann, Rushton, & Mon-Williams, 1995). 
This effect coupled with the use of prismatic lenses in HMDs may be source of potential 
misperception of distance. Whilst this is particularly pertinent to HMDs it is not unique to them 
and this effect is present albeit to a lesser extent in any stereoscopic display. A large screen 
display will not entirely remove this effect but may reduce the extremes of conflicting cues as 
the screen will be further from the users eyes than in a conventional HMD and viewing does 
not require high power prismatic lenses. 
Without being able to identify and compensate for all the elements of HMD use that 
contribute to depth underestimation it appears there is little to be lost, except perhaps 
convenience, by using a large display with an unrestricted FOV and unrestricted movement, 
when compared to the other options when considering a VR based task that requires a fair 
degree of spatial perception. 
2.3.3. Distance compression and spatial perception issues from the VE itself 
The VE itself is not simply an aesthetic framework in which to embed an action task but itself 
contributes to the perception of the task, its narrative purpose and the perception of the 
spatial landscape that elements of the task can be found in. Sometimes it is the manner in 
which visual elements are rendered or represented within a VE that may be a factor that 
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contributes to spatial perception issues. This is less to do with graphics quality or even the 
veridicity of how it is portrayed in terms of shadows or lighting. but rather more to do with 
what objects the designer actually chooses to represent and their juxtapositions as part of that 
visual environment. This can be wide ranging including object types, familiarity, and even 
colour.  
One such issue is the representation of the ground plane itself and whether it is homogeneous, 
undulating, populated with landmark features, or has a visual interruption or changes in 
texture. Homogeneous ground planes are largely bereft of distance cues. Flat uniformly 
textured ground planes however, allow sequential comparison of the texture of the ground 
plane and subsequent adjacent areas from the near to the middle distance and thereby 
interpret these subtle cues and interpret them as distance cues from the global environment. 
This process is known as the sequential-surface-integration-process (SSIP) hypothesis  (He, Wu, 
Ooi, Yarbrough, & Wu, 2004). Changes at boundaries between different ground plane textures 
or linear obstacles that visually interrupt the ground plane have been shown to disrupt the 
sequential-surface-integration-process (SSIP) model (He, et al., 2004) affecting both the 
perception of ground plane distances and gradient, which results in perceptual distance 
underestimation across such boundaries (Wu, He, & Ooi, 2007a, 2007b). Minor undulations, 
grid lines or other surface markers coupled with larger features or objects upon the ground 
plane have been used in a number of studies and it is believed that such landmark features 
facilitate distance perception through motion parallax, relative size and interposition upon or 
from other features.  
However, where studies present a generic visual representation of the VE to all participants it 
needs to be understood that an individual’s personal experience of their view of the world 
should be accounted for, this can include environments and objects that contain elements that 
are familiar to them, allowing for sufficient FOV to relate to their normal viewing experience, 
calibrating the interpupillary distance (IPD) in HMDs to the user (which is generally common 
practice), making allowances for natural head motion restrictions,  and also matching camera 
height in the VE to the eye height of the individual so that the visual horizon and size of objects 
relate to the viewer’s normal experience (Sections 2.3.4. & 3.2.2.4.), otherwise discrepancies 
might further confuse distance perception.  
2.3.4. Eye height and perceived angular declination below horizon 
Some similar and related effects evident in distance compression may stem from 
misperception of viewing angle and eye height relative to the ground plane and the  horizon 
when represented in VR display systems (Durgin & Li, 2011; Durgin, Li, & Hajnal, 2010; Li & 
Pizlo, 2011; Li & Durgin, 2009; Ooi, Wu, & He, 2001). It has been suggested that the viewing 
angle toward a point on the ground can be used to determine egocentric distance assuming 
the viewer is aware of their eye height above the ground (Gibson, 1950 ; Gibson, 1979). In 
addition Ooi et. al. (2001) suggested that perceived eye height is used as a reference for 
determining angular declination below the horizon and Philbeck & Loomis (1997) observed a 
significant effect on perceived distance when manipulating angular elevation. However, many 
studies use a fixed estimated eye height in the VE while the participant is standing or walking 
and some even allow either no evident reference horizon or for the participant to be seated 
throughout (Knaut, et al., 2009; B. E. Riecke, et al., 2009). The various approaches described 
may well compound any issues with distance underestimation, as distance perception itself 
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depends partly on the perceived angular declination below the horizon (Ooi, et al., 2001). In 
order to reduce this effect in these investigations the following study designs will allow for a 
virtual camera height that is relatively consistent with each individuals actual eye height and 
viewing angle throughout and will be displayed using a large screen display. 
One factor identified with HMDs and distance compression is not a product of the display itself 
but rather the weight and encumbrance of the head worn device upon the head and neck of 
the participants, along with the associated inertia during head movement which appears to 
contribute to distance underestimation  (Messing & Durgin, 2005; Willemsen, et al., 2004) and 
it was reasoned that this is in part due to eliciting the aforementioned angle of declination 
misperception effect and subsequent perceived distance compression (Li & Durgin, 2009; 
Willemsen, et al., 2004). At the current time this factor is not easy to circumvent and does 
support the idea of using large screen displays instead, however, as HMDs are becoming 
progressively lighter and are often now counterbalanced this may become less of an issue in 
the future. Nevertheless for the following studies, after due consideration, it seems prudent to 
attempt to keep encumbrances to a minimum and thus the use of a large screen display with 
the minor weight of polarizing glasses seems most appropriate. 
2.3.5. Distance compression and spatial perception issues from VR itself 
Whilst VR attempts to present a believable reality or at least induce a suspension of disbelief 
concerning the environment the user is immersed in, the technology used to present this VE 
and to represent the user’s intentions and actions within it, remain far from perfect. Despite 
ongoing developments and refinements, imperfections can present the user with mismatches 
in the perception of their actions within this space. Latency or Lag, which involve a temporal 
delay between real actions and the response of the environment, when small, can cause 
spatial perception issues, and when large, can cause frustration and disengagement. In a 
similar fashion Drift, Jitter and Noise and other tracking errors further undermine immersion 
and presence and can confound interactions and again give rise to spatial misperception. In 
some cases these errors can give rise to vection spatial perceptual errors (Mohler, Thompson, 
Riecke, & Bülthoff, 2005) where the environment or the individual are perceived to still be 
moving relative to one another even when actual motion has ceased. Most of these issues can 
be compensated for with good calibration of the tracking, VE and the projection system, along 
with an appropriate sampling and refresh rate, however maintaining this in a VE with a 
relatively high computational load requires regular monitoring. 
2.3.6. Familiarity, Adjustment and Acclimatization 
Whilst there are considerable discrepancies as to the relative degree of distance compression 
reported, most agree that it is an issue (Creem-Regehr, 2005; Thompson, et al., 2004; 
Willemsen, Gooch, Thompson, & Creem-Regehr, 2008). However, as has been indicated, there 
are some studies in counterpoint which suggest that this is not a significant concern and may 
simply be a response to the initial novel stimulus in VR and suggest that visuomotor 
reconditioning is possible after a relatively short period. Jones et. al. (2009) go so far as to 
suggest that within three repetitions of a given stimulus, their participants tended to increase 
in accuracy to the point of being nearly veridical in their responses, and furthermore they go 
on to say that distance underestimation issues, could resolve with as little as 20 minutes of 
continued exposure. This is one of the few studies to suggest this relatively rapid acclimation 
to distance compression in VR and seems surprising given that a number of other studies 
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reporting distance compression have done so in tasks that have exceeded the 20min exposure 
advocated by Jones et. al. (2009). Whilst it may be possible that they have achieved a near 
optimal setup that allows the participants to readily adapt and cognitively remap their spatial 
perception to the VE, it seems unlikely, and other cues in their environment may be 
contributing to their findings and therefore further investigation seems warranted to endorse 
or refute these findings which, if true, could be highly promising for future development. 
Nevertheless their study involving walking to a target location area still does not iron out 
distance compression issues for reaching and grasping tasks in an upper limb rehabilitation 
context, which involves quite precise eye hand coordination. When considering therapeutic 
tasks in a rehabilitation context, 20min for acclimatizing a patient to VR is a significant 
proportion of clinically useful therapy time and may result in muscular fatigue and frustration 
before any therapeutically effective exercises are completed. Should the controversial 
statement regarding 3 repetitions of the same visual stimuli and different distances hold true, 
then this should be evident in the study design for these investigations where participants will 
be presented with the same visual target objects repeatedly either 5 or 10 times (allowing for 
whether shape or colour is the more important element) (Section 4.3.). 
An alternative approach was taken in a study conducted to investigate egocentric distance 
perception whilst in a high fidelity, low latency, immersive VE that displayed an exact virtual 
replica of the participant’s actual real world environment. Whilst an atypical use of VR, 
nevertheless it was found that participants under these conditions also did not appear to 
significantly experience distance perception compression relative to the real world either 
(Interrante, Ries, & Anderson, 2006). In addition, a study by Riecke, et al., (2005) whilst using 
real world viewing or photo imagery on a variety of screen sizes including computer monitors, 
large screen display and HMDs all with identical FOV, revealed no distance compression 
evident, leading them to suggest that depth compression is perhaps not a feature of the 
display system but that perhaps more faithful, realistic and perceptually effective VEs would 
remove the distance compression phenomena, yet this seems incongruous with other findings 
(e.g Thompson, et al., 2004). In light of the seeming shift in VR study results in recent years 
compared to earlier research involving distance perception and particularly HMDs, it is 
possible that the changes being witnessed are a reflection of the gains in the hardware and 
software for this kind of viewing display, and the fidelity and veridicity of rendered 
representations of VEs, therefore there may well be a welcome possibility of utilising HMDs for 
upper limb rehabilitation in a clinical context in the near future but until such time there are 
still a number of issues to be resolved.  
As yet the visual factors within a VE that contribute to distance and spatial perception are not 
yet fully understood and their interrelationships are clearly complex and have yet to be 
assigned relative importance or combination weightings in any consistent manner when 
applied in a VR context. Whilst some of this has been undertaken in a real world setting, it is 
also clear that it cannot be certain as to whether such insights will hold true in a virtual setting, 
nor whether there can be a consistent approach given the variety of display methods and 
other intrinsic elements. 
Given that so many of the ascribed effects of VR that may be conducive to rehabilitation, 
appear to emerge from the sensory rich immersive environments of VR, and much of this is 
underpinned by its visual representations and the visual perceptions of the user, it suggests 
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that further investigation of the contributive effects of these visual characteristics is both 
warranted and necessary. 
2.4 Summary  
It is clear then that with regard to shoulder rehabilitation, particularly involving active 
rotational ROM,  there are a number of opportunities available through the unique medium of 
VR but also a number of obstacles to overcome. 
As yet there is not a simple satisfactory method for comparing and evaluating active rotational 
ROM of the shoulder in real time. Most current approaches suffer from subjective errors, inter 
and intra tester reliability issues, errors due to successive marker displacement relative to the 
complex underlying anatomical features that each contribute varying degrees of inaccuracy, 
and issues with encumbrance or interference in natural movement as well as inherent errors 
relating to the mechanics and implementation of each measuring system.  By avoiding direct 
measurement of the complex sequence of displacements, glenoid reorientation, dynamic 
gliding, transition between alternate centres of rotation across the joint surface and the 
rotation itself that all contribute to what is collectively viewed as internal or external rotation 
of the gleno-humeral joint of the shoulder, it should be possible to condense this action with 6 
d.o.f. into one plane as seen in the functional test known as Apley’s scratch test and therefore 
to concentrate on the limits of active ROM alone. If this were to be combined with an objective 
and reliable measuring system, that does not suffer from occlusion of line of sight, such as a 
magnetic motion tracking system, then these limits can be measured objectively and 
repeatedly to deliver comparable values that can be considered to equate to limits of ROM 
performance. Such a system would be relatively simple and easy to implement and can be 
implemented with a reduced marker set with as few as two markers, thereby reducing 
encumbrance and implementation issues. Furthermore, these markers should suffice for the 
motion tracking and interaction elements of VR without additional burden. 
An appropriately calibrated physical environment must be established for free walking 
magnetic motion tracking and this in turn needs to calibrated to the projected distances in the 
VE. 
To reduce distance compression and cybersickness issues it should be possible to embed an 
action task into an immersive VE with sufficient depth cues, projected on a large screen 
display, in negative parallax to allow participants to navigate freely in the action space and to 
reach and grasp naturally with their own hands within the peripersonal space. 
In order to focus on movement of the upper limb it should be possible to use a reduced 
marker set, including a shoulder position marker to dynamically match patient height and 
location whilst still allowing free walking within a VE without a full marker set, to allow 
participants to orientate themselves naturally with respect to interactive elements of the 
scene so as to position themselves at the greatest mechanical advantage, commonly with the 
favoured hand and ipsilateral leg closest to the target object.  
As much of the action task lies beyond the line of sight of the participant, the embedded action 
task within the VE must contain sufficient interaction, appropriate level of challenge and visual 
immersion to provide distraction and engagement for the participant, whilst the narrative 
supporting the complete task must appear seamlessly to lead into the final outcome so that 
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the interactive sequence appears to the participant to be one continuous task. It should be 
possible to design a suitably immersive VE that enables the user to envisage being inside an 
environment rather than just observing. The VE can then be designed with a clear narrative 
context, to support the action task, despite much of the movement occurring in a plane 
outside of the viewed visually rich environment. 
Nevertheless, despite these potential obstacles, if these improvements: pain reduction, 
increased ROM, increased adherence, increased engagement, could be demonstrated in 
shoulder rotation then this could make a significant impact in the intervention strategies of 
shoulder rehabilitation for both patients and clinicians, allowing augmentation of conventional 
therapy delivery to enable physical therapists to have a greater influence on treatment 
outcomes with higher levels of patient adherence and a more efficient method of monitoring 
progress, if this has any potential to be effectively implemented then it should not be 
overlooked.  
An empirical study designed to examine the effect on restricted active rotational ROM of the 
shoulder under VR conditions will attempt to address these issues (Chapter 3).  
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3. Shoulder Restriction Influenced by Rotation Tasks in Virtual 
Reality. 
3.1. Introduction 
Virtual Reality (VR) is showing great promise in rehabilitation (Section 1.3), in spite of this, 
there is little work to date considering the effects of VR on the more complex movements, 
involving internal and external rotation at the shoulder, which are common actions required in 
Activities in Daily Living (ADL) including dressing, hair brushing, personal hygiene and toileting. 
If VR provides an engaging and immersive rehabilitation environment combined with a 
reduction in pain perception, and pain is known to be a significant factor in reducing active 
Range of Motion (ROM) then it is not unreasonable to assume that VR should facilitate an 
increase in active ROM during rehabilitation exercises.  
Whilst there is evidence to support VR being an effective rehabilitation aid with documented 
observations of increased ROM and decreased pain perception among users, it has yet to be 
shown whether these effects will still readily apply to tasks involving internal and external 
rotation of the shoulder, particularly as some of these actions will be outside of the user’s field 
of view (FOV). If as believed much of the pain perception reduction is due to the immersive 
and distracting visual elements of the VE, the increased ROM could be due to a decreased 
apprehension of pain for similar reasons, then it remains unclear whether the immersive and 
distractive visual elements of VR will be sustained for action tasks that are not wholly 
visualised within it. 
In addition, the difficulties associated with tracking and measuring internal and external 
rotation (Section 2.2.) still need to be addressed if the benefits of VR are to be applied to this 
common area of shoulder dysfunction.  Pain perception, Internal and external shoulder 
rotation, are the measures of interest in this study, but determining accurate and reliable 
measurement of active shoulder rotation is problematic, whether using conventional 
observational methods (Sections 2.2.1., 2.2.3. & 2.2.4.), or by using tracking sensors (Section 
2.2.5.). Whilst the technology for real time 3-dimensional motion tracking has been around for 
a while, there has been little work exploring the use of 3-dimensional tracking and VR to 
investigate internal and external rotation at the shoulder. This is perhaps due in part, to the 
complexities of reliably measuring ROM with the demands of 3 dimensional tracking 
technologies, for shoulder rotation actions with 6 degrees of freedom, which presents 
common tracking systems with many potential sources of error (Section 2.2.5.).   
In clinics and physical rehabilitation, a common functional approach to assess shoulder ROM 
through its full range is to use a clinical test known as Apley’s scratch test (Section 2.2.4.), 
which can be employed with the patient using active then passive motion. Whilst this often 
yields useful insights and is a useful intra tester therapeutic tool it is not generally intended as 
an objective measurement procedure and in conventional therapy provides qualitative 
information rather than numerical data on joint angles and motion.   
However, the rationale that makes Apley’s test visually useful is to condense the limits of these 
complex 3D movements into comparable 2D planar motion. This approach offers a simple 
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approach, that when combined with real time accurate positional data capture, from magnetic 
motion tracking technology, coupled with a controllable VE, and prescribed tasks, provide a 
means to objectively record ROM measurements for internal and external rotation in real time 
active tasks (Section 2.2.6.).  
With this approach in mind it should be possible to investigate whether the combination of 
reported effects of VR, regarding, pain suppression, distraction, and patient engagement, can 
elicit meaningful changes in active ROM for clinically relevant actions concerning internal and 
external rotation. 
Therefore an empirical study was conducted to determine whether meaningful changes, in 
active ROM, in shoulder rotation tasks, occur under VR conditions. 
The literature has proposed different approaches and display systems yet the rationale for 
each, is not always explicit. Upper limb VR studies to date have been inconsistent in the use of 
mono or stereo VR, with little therapeutic rationale as to the anticipated efficacy of the choices 
used,  with decisions often based on cost or convenience (Holden, 2005; A. Rizzo & Kim, 2005).  
As the action task for these studies involves movement outside of the field of view of the user, 
and the interaction and immersion elements of VR are largely to provide distraction and 
engagement, it may be just as effective to display the VE through a flat screen, monoscopic 
display. However, it is known that stereo projection may influence both depth perception and 
levels of immersion within the VE (F. H. Durgin, Proffitt, Olson, & Reinke, 1995; A. Rizzo & Kim, 
2005). Therefore, this experiment used a stereo and a non-stereo VR condition, as well as the 
non-VR control condition. 
3.2. Method 
3.2.1. Design 
Hypothesis 1:  Range of motion will be significantly different between VR and non-VR 
condition. 
Hypothesis 2:  There will be a reduction in perceived pain after performing range of motion 
tasks in VR 
A repeated measures (within-subjects) design was used. The VR conditions were the 
independent variables (Table 1), with pain and ROM as the dependant variables, measured by 
pre-trial QVAS and post-trial VAS scores for pain, and wrist to shoulder approximation during 
prescribed rotational tasks as a proxy measure for shoulder rotation, (Figure 18 & Figure 19), 
respectively.      
TABLE 1: THE THREE EXPERIMENTAL CONDITIONS 
Non-VR Monoscopic VR Stereoscopic  VR 
Condition 1 Condition 2 Condition 3 
 
3.2.2. Apparatus 
For this study, and its successors, a number of different elements have to be integrated 
together (Figure 2). As some of these, at least in combination, are effectively new, these will be 
given more detailed consideration where appropriate. 
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3.2.2.1. Magnetic Motion Tracking 
Magnetic motion tracking appeared to be the most appropriate approach for this study, 
(Section 2.2.5.2.) and was a key element, with many of the other apparatus elements utilising 
data from it for their integration (Figure 5). Motion and position data were obtained using 
Ascension Technology “Flock of Birds” magnetic motion tracking system, (Figure 16). This 
system (along with optical systems) was already available at the University and could be 
integrated with the VR laboratory. However, the system used wired or tethered sensors which 
do impose certain limitations and future development with a wireless system might offer 
significant advantages. 
       
FIGURE 16: (I) MAGNETIC MOTION TRACKING SYSTEM (AUMULLER ET AL., 2012) (II) SENSOR PACK AND (III) INDIVIDUAL SENSOR 
The sensor locations for the study itself included sensors placed (i) on the antero-lateral 
margin of the acromion process of the scapula (Figure 17A), (ii) the proximal margin of the 
lateral epicondyle of the humerus at the elbow (Figure 17B), and (iii) on Lister’s tubercle at the 
distal end of the radius, on the dorsum of the wrist (Figure 18A). A fourth inactive tracker was 
also left attached to the VR headset (Figure 18B),  although this did not play any part in the 
orientation or data collection but merely maintained the normal configuration expected by 
those participants familiar with VR.     
      
FIGURE 17: (A) SHOULDER SENSOR (B) ELBOW SENSOR 
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FIGURE 18: (A) WRIST SENSOR (B) HEAD MOUNTED DUMMY SENSOR 
The sensors were secured in place on the skin with double sided hypoallergenic adhesive tape. 
The x, y and z positions of these markers were updated at 144Hz, at a resolution of <1mm, and 
were recorded to a computer file at around 15 times per second.  The system specifications 
are documented as having a static resolution of 0.5mm, with a static accuracy of 1.8mm RMS 
(root mean squared deviation from true). 
Participants were to be recorded carrying out movements within the virtual space and its 
corresponding actual action space in the room. Therefore the physical environment needed to 
be magnetically mapped, in order to identify and locate any magnetic anomalies and 
distortions, which if unaccounted for would otherwise adversely affect the VR interaction 
experience and corrupt any data recorded.  
The risk of distortion due to magnetic anomalies in the environment is a common issue 
(Meskers, et al., 1999; Périé, et al., 2002). Orientating the transmitter, as well as calibration 
and magnetic mapping for even a relatively small research lab was not a simple undertaking. In 
order to locate any distortion issues within the workspace, the room floor was marked out in 
grids with chalk squares that corresponded to the size of wooden stage cubes (460mm along 
each edge) that were obtained from a school of drama and acting. These cubes could then be 
stacked up towards the ceiling in each grid position (Figure 19A). A magnetic motion sensor 
was then used to record the x,y,z, position data for the corners of each of the cubes ensuring 
that the sensors were orientated in the same direction each time and aligned with the same 
point on the sensor against each corner (Figure 19B). 
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FIGURE 19: (A) CALIBRATION CUBES (B) SENSOR CALIBRATION POSITION 
The data was then analysed to find any areas of distortion, (such as those caused by ferrous 
metals embedded in concrete, pipework or other objects) and a workspace established that 
could be reliably considered as magnetically safe.  Despite not being bespoke for this purpose, 
nor a metal or magnetic anomaly free environment, it was possible to establish a suitable 
working action space, an area that was essentially free from distortion (assuming the sensors 
were not likely to descend to within 0.46 metres of the floor or the right hand wall) and was a 
suitable size to allow free walking within the room.  
In addition other portable artefacts with magnetic properties were also identified so that they 
could be cleared or where this was impracticable it was ensured that their placement 
remained consistent for each successive use. Furthermore, the participants themselves were 
screened for metal items including: surgical plates or pins, pacemakers, and embedded metal 
objects.  
3.2.2.2. Display Calibration 
To ensure the displayed VE and the real world were appropriately calibrated to match, cubes 
with known modelled separation distances were placed in the virtual world and then brought 
to zero parallax and then physically measured on the display screen. Then a further set of 
cubes at positive parallax were dynamically linked to the sensor input and brought to zero 
parallax by the movement of the sensor perpendicularly away from the screen. In a similar 
manner each of the axes and separation distances could be calibrated to match from the 
virtual modelled environment to physical distances in the real world. This is particularly 
important with displays that are not of standard dimensions.  
With these key elements of the framework reliably in place it was then possible to build the VE 
and its integrated elements upon this. 
3.2.2.3. The Virtual Environment and Action Task 
A suitable Virtual Environment (VE) is needed that will be conducive to encouraging the 
desired action task, namely internal and external rotation.  By utilising the rotational elements 
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of Apley’s scratch test, (Section2.2.4.) (Figure 11) coupled with magnetic motion tracking 
(Figure 20 & Figure 21), provided a means of obtaining measurable recordable objective data 
that are representative of rotational ROM in order to identify any changes that may occur in 
active ROM as a result of VR conditions. These motions are clinically and therapeutically 
relevant in a rehabilitation context and provide a repeatable action task. The task itself would 
be commonly performed in a normal clinical environment and so provides a meaningful 
control for the study when not coupled with VR. 
Apley’s Scratch Test looks for limitations in motion of the upper extremity. Each of the three 
motions is normally performed bilaterally for comparison:  
Action (i): The subject is instructed to touch the opposite shoulder with his/her hand. This 
motion checks glenohumeral adduction, internal rotation, horizontal adduction and scapular 
protraction. 
Action (ii): The subject is instructed to place his/her arm overhead and reach behind the neck 
to touch his/her upper back. This motion checks glenohumeral abduction, external rotation 
and scapular upward rotation and elevation. 
Action (iii): The subject puts his/her hand on the lower back and reaches upward as far as 
possible. This motion checks glenohumeral adduction, internal rotation and scapular retraction 
with downward rotation.  
Actions ii & iii (Figure 11) will comprise the action task used to evaluate changes in active 
rotational ROM in this study. These motions coupled with magnetic motion tracking will 
provide a means of measuring changes in maximal, active, rotational ROM (Figure 20 & Figure 
21). It has been established that the vertical distance between the shoulder and wrist at the 
point of maximal rotation can be considered as an effective proxy measure of shoulder 
rotation (Magee 1987), and therefore this measure provides a dependent variable for 
comparative ROM used in this study. 
          
FIGURE 20: MOTION TRACKING STAGES OF EXTERNAL ROTATION 
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FIGURE 21: MOTION TRACKING STAGES OF INTERNAL ROTATION 
However, in order to elicit these movements in VR there needs to be a motivating and 
purposeful goal. Goal orientated tasks seem to function particularly well with a purpose, a 
narrative framework, an appropriate challenge or gameplay context, and an environment that 
is readily comprehended and intuitive and relatable to an understandable task (Chang et al. 
2010; Craig 2009; Ustinova et al. 2011; Boian et al. 2004). 
The VR task needed to be meaningful and immersive and a supporting narrative would give the 
task a purposeful and plausible goal. Therefore a task was designed to collect apples in a 
“virtual Orchard” VE and to place them in virtual baskets located behind the user’s shoulder 
and hip. These then are used to elicit external rotation (upper basket) and internal rotation 
(lower basket). To avoid repetitive rotational movements without intervening alternate 
movements, the task was designed to generate a forward reaching movement (to grasp the 
apple) between each shoulder rotation motion (to place the apple in the basket). 
Some of the most compelling immersive effects of VR are through the rich visuals and 
seemingly seamless interaction. However, much of the functional rotational motions of the 
shoulder, result in the arm and hand lying largely out of sight of the participant, being behind 
their head or back for a significant part of the movement.  
In order to investigate the influence of VR based action tasks on internal and external rotation, 
and perceived pain, much of the immersive elements of the virtual interaction that the user is 
tasked to engage with need to take place within the users field of view as the action task itself 
by its very nature lies largely outside of the users field of view. 
The action tasks containing the dependant variables for ROM then need to be embedded in a 
broader overall functional task, which seamlessly integrates the action task into one seemingly 
continuous, narrative supported, goal orientated, task, where much of the action and 
interaction occur within the users viewing space. Since functional shoulder use in ADL involves 
positioning the upper limb for reaching and grasping this seems a natural action to incorporate 
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and will provide the potential for interaction as well as a means of alternating movement 
actions so as not to overburden the shoulder complex by overly repeating the same action.  
It was therefore conceptualised to embed the task in a virtual representation of an orchard 
environment where participants would be asked to pick up apples during the reaching phase 
and identify them as good or bad apples and sort them into two packs or baskets worn on the 
participants back. One pack or basket would be between the shoulders the other just above 
the waist and these would provide the concluding elements to the task that would implicitly 
require the prescribed external and internal rotation respectively. 
The preferred motion patterns that the action tasks are focussed on eliciting (i.e. internal and 
external rotation) do not readily lend themselves to other tasks with ecological validity in a VR 
context in the absence of haptic feedback inherent in many everyday tasks (e.g. putting on 
clothes), whereas the “Orchard” VE promotes these motions without such a reliance and in a 
relatable manner. The movements have external validity as they directly relate to common 
therapeutic exercises for restricted ROM.  However, the environment is perhaps less directly 
ecologically valid (compared to VEs portraying kitchens, offices, shops or similar) in order to 
maintain simplicity and incorporate and control other aspects of study design that would not 
be easily supported in such VEs (Sections 3.2.2.3. & 4.3.). Nevertheless it provides a clear 
narrative purpose and goal for the preferred movements that supports and promotes the 
motion patterns required in rehabilitation and in daily living thereby facilitating transference in 
an ecologically valid manner.  
There are some potential issues with using directly comparable ecologically valid 
environments. With such VEs, familiar detail is now expected and where detail and clutter is 
absent the likelihood of lowered presence and immersion are a risk. Furthermore, similarities 
and differences are now more marked and have a greater influence on believability, credibility 
and immersion or presence in a manner perhaps similar to the phenomena known as the 
uncanny valley (Brenton, Gillies, Ballin, & Chatting, 2005; Thompson, et al., 2004). 
Discrepancies in the portrayed environment are harder to hide, e.g. mirrors without 
participants reflection (Thompson, et al., 2004), interreflections on surface proximities (Hu, 
Gooch, Creem-Regehr, & Thompson, 2002a) and lack of sensory and haptic feedback are more 
noticeable as they detract from everyday expectation (Ramsamy, Haffegee, Jamieson, & 
Alexandrov, 2006; Stach & Graham, 2011). In addition, in such familiar territory, all objects in 
the scene have implied interaction, functionality and affordance inherent to the users 
expectation from their everyday environment (O'Brien, 2008) and its absence may reduce 
immersion and its presence adds to the distraction and potential confounders of study design.  
The real world environment also poses other less tangible issues that might affect 
performance in goal orientated tasks, as such familiarity may evoke emotional triggers in 
response to their environment artefacts, and reflection upon their current impaired ability in 
such a setting which may motivate or demotivate in a way that is not readily measurable or 
identifiable. Environments that are too familiar seem to incite elevated cognitive arousal and 
therefore possibly cognitive load as features of the environment are interpreted in their 
context and conceptual utility or task options (O'Brien, 2008). Environments that have some 
familiarity yet considerable disparity from the environment the user is used to, similarly exhibit 
heightened cognitive arousal as the similarities and differences are noted and assimilated into 
66 
an interpretative framework of their conceptual surroundings (O'Brien, 2008; Thompson, et 
al., 2004). 
The “VR Orchard” presents an environment that is unfamiliar yet readily comprehended and 
conveys a context and narrative for the task. It is novel enough to maintain interest compared 
to a clinic environment yet simple enough as to reduce (although not necessarily eliminate) 
potential contextual or object related distractions or confounders.  
The task presented in the “VR Orchard” appears to have a narrative context that is readily 
credible and adopted by the participants in the environment despite the fact that no such task 
would commonly feature in an orchard setting. Furthermore, the environment and the 
narrative to support the task, appears to justify the desired actions undertaken. In addition, 
the VE and its narrative facilitate the user in conceptually assigning the target object with the 
concept of “apple” irrespective of its actual appearance. The vast majority of the users would 
have some experience of an apple and therefore there would be familiarity with size/scale 
which lends itself to the concept of the familiarity with an object, assisting the user in distance 
perception by knowing the object’s normal size (Marotta & Goodale, 2001; O’leary & Wallach, 
1980). 
Other contexts were considered and some had merit in a gameplay setting (e.g. drawing an 
arrow from a back mounted quiver). However, these had a tendency to be associated with 
game mechanics that could potentially be dependent on age and gender for engagement and 
inherently implied additional challenges, pressure, arousal, cognitive load and distractions that 
might detract from the main rehabilitation strategy and hence lead to aberrant motion to 
meet the gameplay goals rather than the therapeutic goals.  
The “Orchard” provides therapeutically meaningful structured tasks that provide a challenge 
and a motivation for engagement without time dependant pressures to allow the motion and 
the goal to be the priority, rather than allowing the challenge to compromise action. In 
addition the VE “Orchard” narrative allows movement conducive to the therapeutic 
requirements as they can be at the user’s own comfortable pace as there is no heightened 
level of “game play threat” or time pressured constraints and picking apples could generally be 
perceived as a low intensity casual activity, so users may undertake the activity freely without 
pressure or anxiety (factors that can exacerbate pain perception (Pfingsten et al., 2001; Rhudy 
& Meagher, 2000) and with movements that are slow and under control, thereby reducing the 
risk of aberrant or excessive motion which might run the risk of further injury. 
The equipment, tracking and display systems, study design and environment went through an 
iterative process using mostly healthy volunteers, to ensure that its implementation and 
protocol were acceptable (Figure 22).  
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FIGURE 22: DEVELOPMENT AND VR ORCHARD ITERATIONS 
Participants were immersed in a large-screen VE (representing an orchard), (Figure 5, 22 & 
Figure 23.) and were encouraged to grasp 10 virtual target objects (apples) using shoulder 
flexion and abduction) and place them in virtual baskets using internal and external rotation. 
The no VR control group were given a static display of the same scene and asked to perform 
alternating shoulder flexion by forward reaching, and the rotational elements of Apley’s 
scratch test.  The task was repeated in three different conditions in randomised order: no VR; 
mono VR; and stereo VR for each limb. The absolute position of the 3 sensors was recorded at 
the point of maximum rotation, and the distance between the shoulder and wrist sensors were 
calculated and utilised to determine a proxy measure of rotation as described above. Pain 
scores (VAS) were recorded after the non-VR and VR conditions and compared earlier self 
reported pain scores (QVAS). 
The environment was designed to allow free overground active walking so that participants 
can undertake more natural movement behaviours that are unrestricted relative to the 
constraints imposed by fixed position VR tasks. This unrestricted full body movement is 
important for normal reaching behaviour (Michaelsen, Luta, Roby-Brami, & Levin, 2001) for 
tasks pertinent to ADL. In addition, overground walking facilitates the individual in adapting to 
the novel, sensorimotor, correlations (Durgin, et al., 2005) within VR. With regard to these 
studies it assists the individual in rapidly calibrating their own perception of distance within the 
VE and it has been suggested that overground walking kinaesthetic cues are important in this 
role possibly more than inertial or vestibular cues (Durgin, et al., 2005; Mittelstaedt & 
Mittelstaedt, 2001).  
The environment itself has a textured, gentle undulating ground plane and has no linear 
interruptions consistent with He, et al. (2004) both of which aid distance perception calibration 
for the user.  
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The “Orchard” scene is populated with trees (n= 500) each with some rotational variation. 
However, a central clear zone with a path and a buffer zone or clearing devoid of trees from 
the user’s initial starting point is maintained, to allow a clear zone in which to move and to 
prevent trees being rendered within the initial peripersonal space before voluntary movement 
occurs.  
The trees are rendered as level of detail models, i.e. trees that are close to the user are 
rendered in stereoscopic 3D as detailed models, whereas trees further away in the distance 
are rendered as billboard images which are single plane images, orientated to face the user, in 
order to reduce the polygon count and associated rendering computational load and thereby 
reduce the risk of latency. 
The closest tree to the user’s starting point is close enough to be rendered in 3D and appears 
in the left of the user’s environment and allows the user to check that the scene is perceived in 
3D stereoscopic negative parallax from the outset.  
The presence of these trees facilitates the user’s immersive experience with branches, leaves 
and apples projecting into their movement space and provides environment depth cues and a 
richly-structured near-space environment, which provides high rates of peripheral flow whilst 
moving, facilitating the user’s initial calibration in self-motion perception (Durgin, et al., 2005). 
Apples were chosen for the target objects for the interactive task and were rendered in red or 
green to allow a selective process in the task that would distinguish internal and external 
rotation.  The apples were displayed free floating within the open space at varying vertical and 
horizontal displacements and at different depths from the user to encourage the user to move 
freely and to reach for defined points in space in a manner that suited them. Users were 
allowed to choose the order in which they picked the apples. Vertical displacements were 
relative to the users height (using the shoulder mounted sensor) to ensure a suitable yet 
attainable challenge for any given user.   
Ten virtual apples (five red and five green) were distributed at specific locations within the 
field of view of the participant and a further dummy apple was rendered before data collection 
started to allow initial familiarisation with the target object.  All the target apples were placed 
within the virtual space covered by the tracking system, but none were in the peri-personal 
space at the start of the trial. Care was taken to ensure that the apples were at different 
combinations of height and depth, and were displayed in an open space within the room, 
where elements of the 3D environment didn’t obfuscate their view.  In lieu of haptic feedback, 
when a target was ‘touched’ by the virtual hand, auditory and visual feedback was provided. 
Once the apples were picked the user could then move the apple (now linked to their hand 
position) to place them into the appropriate basket (green apples were to be placed in the top 
basket, red apples in the bottom basket to provide the desired rotational movements). 
Model baskets (with apples in) were created for the scene to describe the narrative for the 
task although these remain largely out of view for the duration of the action task. However, 
two baskets are also rendered in the middle distance along the path, both to aid as distance 
cue and also as mental reminders. For the two baskets that could take an interactive role in 
the action task their hit boxes were programmed to distinguish between the two target apple 
types so that apples could not be put into the wrong baskets to ensure the correct task was 
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completed. For the purposes of this first study the baskets provide a narrative context only. 
They are initially displayed on screen while the task is described. Once their role has been 
described to the participant they are displaced to their positions on the participants back. The 
first virtual basket was dynamically linked to a position directly behind the participants 
shoulder, and the second virtual basket was initially linked to a position 0.5m below the first 
basket. However, this is simply to be consistent in anticipation of future protocols. In all other 
regards, for this study, the baskets were inactive with their hit boxes turned off, so that 
maximum rotational ROM is recorded from the participant’s limits of active motion recorded 
by the motion tracking system, not by successful or unsuccessful hit box intersection. 
Whilst in its early stages of iterative development the “VR Orchard” did not posses any game 
mechanics or reward system as such, nevertheless participants both with and without pain or 
restricted shoulder motion responded to it in a clearly motivated and engaged fashion. The 
target apple height was determined relative to the shoulder in order to provide a suitable level 
of challenge (Chen, et al., 2007). Where the challenge was readily achievable participants 
inherently adopted or incorporated their own gameplay behaviours. Where the challenge was 
more substantial participants responded to the environment as though gameplay was implied 
and the challenge had to be beaten. This was unexpected and whilst in the long term such an 
adjunct for rehabilitation might need some gameplay or reward motivator to maintain 
engagement, in the short term the effect of the challenge and novelty alone seemed sufficient, 
which is encouraging. 
The VE itself was created in 3D Studio Max and rendered into an interactive format using Open 
Scene Graph (Figure 2 and 11).  For the non-VR condition a non-interactive static image of the 
environment was used. For the non-stereo VR condition, the interactive scene was rendered 
from a single virtual camera linked to the participant’s position. For the stereo VR condition 
the interactive stereoscopic scene was rendered to allow nearby objects to be viewed in 
negative parallax as they moved within the environment.  
The environment in each case was back projected onto a large (5m x 3m) flat screen display 
(FSD) using a pair of Christie 7700 Lumen projectors with polarising filters. To minimise visual 
distraction, the room was darkened for the experiment, with the main light source being the 
display screen itself (Figure 22). 
The virtual camera start position was set to match the starting position of the participant, with 
a FOV of 100o (consistent with Creem-Regehr, 2005) and an initial height of 1.6m above the 
ground plane, in order to introduce the participant to the elements in the environment. Once 
the participant understood the task and the environment then the camera’s height was 
specifically set to relate to the shoulder height of that individual participant using the shoulder 
sensor position with an offset (0.2m medially and vertically) to align with the head position. 
A virtual hand was dynamically linked to the movement of the participant’s hand sensor. For 
the purposes of this first study its graphical representation was turned off to allow the 
participant to interact with the target objects seemingly with their own hand (Figure 23). 
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FIGURE 23: NATURALISTIC REACHING WITH USER’S OWN HAND 
3.2.2.4. Eye – Hand Tracking 
Head tracking is used in many VR applications to provide an updated view from the user’s 
perspective, this is particularly necessary in immersive HMDs but is also used in flat screen 
displays (FSDs) as well, particularly in free walking or extensive VEs. For many flat screen 
displays (FSDs), movement of the head does not necessarily require updating of the camera, as 
the scene is already displayed with all possible views.  So for standard interaction, with limited 
full body movement, in a VR scene displayed in either positive or at zero parallax, the camera 
could remain static (Foxlin, 2002).   
However, in this study, the VE (“The Virtual Orchard”) encourages normal, free, overground, 
walking, as well as normal reaching and grasping movements. In order to facilitate this, target 
objects appear within the room in negative parallax to allow grasping to appear to be 
mediated by the user’s own hand rather than through any intermediary device or interface. 
The negative parallax and extended reaching for target objects require the camera to be able 
to look further around the scene, to look up and also to move in and out of the scene and so 
some degree of camera tracking is required.  Patients with neck and shoulder pain often face 
forward and use eye movements alone to obtain a visual fix on an object in VR.  In this regard 
conventional head tracking fails to correctly update the view. 
 The view displayed in immersive VR applications, is updated in real time to reflect the user's 
position, height and orientation.  Although the virtual camera simulates the position of the 
user’s eye (both eyes for stereo display) it is impractical to mount tracking devices on the eyes 
themselves, and therefore the tracking device is generally head-mounted, with an offset being 
calculated to calibrate the virtual view to the eye position.  For most applications, whether 
delivered via Head Mounted Display (HMD) or Flat Screen Display (FSD), this type of tracking is 
considered both acceptable and efficient. Indeed, in healthy individuals there is generally only 
around 27o of eye movement without concomitant head movement (Stahl, 2001), so this could 
be argued to be the most ecologically valid solution to the problem of view updating. 
However, patients with painful, restricted shoulder conditions often have associated neck 
dysfunction (Groenier, Winters, van Schuur, De Winter, & Meyboom-De Jong, 2006) with 
limited ROM for the head and neck, and find it easier to use either a greater degree of eye 
movement or if necessary full body reorientation when looking around. Stahl, (2001) observes 
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that in those with restricted head movement there is an increase of this eye-only movement 
from the normal 27o to around 66o before initiating head rotation (Figure 24). This increased 
eye movement would not effectively allow the Virtual Camera to be oriented towards the 
desired visual target. For these individuals the head-tracking alone is clearly insufficient to 
simulate eye-gaze, and this may lead to a lower sense of presence and decreased perceptual 
stability (Foxlin, 2002). 
 
FIGURE 24: EYE MOVEMENT IN NORMAL AND RESTRICTED HEAD MOTION 
An alternative solution, which potentially allows a more ecologically valid camera movement, 
particularly for individuals with these issues, was developed for this research. Acceptance and 
viability were assessed during the iterative development process prior to this study.  
It has been observed that during reaching tasks the eye gaze typically is directed towards the 
reaching hand during active target acquisition (Crawford, Medendorp, & Marotta, 2004) and 
regardless of whether this is achieved by head, eye or whole body movement, it does suggest 
an alternative approach to view updating.  
Utilising two of the sensors that are already part of the upper limb motion tracking, it is 
possible to calculate a vector, updated in real-time, from the eye (offset from the shoulder 
sensor) to the hand, creating a reach vector to calculate camera angles to simulate this natural 
gaze direction  during reaching behaviour (Figure 25). 
 
Healthy patients use only around 27o of eye movement before moving the head.  
This is in contrast with patients with neck and shoulder pain who typically use 
around 66o of eye movement before moving the head. 
66o 
(B) 
27o 
(A) 
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FIGURE 25: EYE- HAND TRACKING WITH RESTRICTED HEAD MOTION 
Early stages of observation of volunteers testing a prototype revealed that they typically broke 
eye-contact with the active hand when it moved close to the body, or the clipping plane near 
the face, or when it dropped below waist height, and therefore the algorithm was adjusted to 
revert to forward gaze while the active hand was outside any of these boundaries. 
Participants who do not have neck or shoulder pain or restriction and can freely orientate the 
head to face the target, nevertheless still utilise the basic premise of watching the hand in 
order to orientate and approach the target therefore such an approach remains valid both for 
participants with pain and restriction  and for healthy individuals. 
Furthermore, this approach is not computationally taxing for reaching and grasping tasks as it 
utilises the same number (or fewer) of sensors that would be necessary for similar reaching 
tasks in other VR environments. 
During development twenty healthy volunteers (17 male, 3 female) and thirteen volunteers 
with mild musculoskeletal neck and shoulder pain (5 Male, 8 female) carried out a series of 
reaching tasks in the “Orchard” VE using the new camera tracking algorithm.  
After a short familiarisation period all the volunteers completed the tasks successfully.  All 
were able to acquire the target apples, and none of the volunteers reported any negative 
experiences or side effects.  The volunteers did not realise that the camera was tracking their 
hand movements, and indeed and a number of them were convinced that it was their head or 
eye movements that were controlling the camera view. The three volunteers who were 
already familiar with standard head-tracking techniques were completely unaware that a novel 
technique was being tested, and indeed were convinced that standard head-tracking was 
being used. There was complete acceptance of the transfer of the camera to straight-ahead 
gaze when the hand moved out of the natural visual boundary, and in fact very few volunteers 
even noticed the transition of control to and from the hand tracker. The tracking algorithm 
73 
appeared equally acceptable to users with neck and shoulder pain and to users without pain or 
restriction. 
N.B. Since the initial development with over 33 participants, a further 62 participants have used 
this system, 11 during iterative refinement and development, with a further 51 in the successive 
studies, without any apparent issues. The results and observations suggest that this novel 
approach to view-updating in VR which overcomes the limitations of conventional head 
tracking for patients with restricted neck and shoulder pain is readily implemented.  Initial 
observations suggest that this is both acceptable and ecologically sound. 
3.2.3. Materials 
In addition to the main apparatus three other items were used for this study, these being the 
validated and reliable instruments “Visual Analogue Scale”(VAS), “Quadruple Visual Analogue 
Scale” (QVAS) (Jensen & Karoly, 1992; Von Korff, Deyo, Cherkin, & Barlow, 1993) and the 
shortened questionnaire “Quick: Disabilities of the Arm Shoulder and Hand” (QDASH) (Beaton, 
et al., 2005; Fayad, et al., 2009; Roy, et al., 2009). 
Visual analogue scales (VAS) have been used in a number of clinical and research settings to 
ascertain a participant’s perceived level of pain and is considered a valid instrument (Price, et 
al., 1983) and is therefore used as an outcome measure for this study. A similar measure 
utilising the visual analogue scale is the Quadruple visual analogue scale (QVAS) which 
provides a measure for a patient’s overall perceived pain intensity in ADL (Jensen & Karoly, 
1992; Von Korff, et al., 1993) whilst also maintaining distinct VAS measures relating to a 
patient’s current level of pain, compared with their pain at best, at worst, and during typical 
activities. As such it provides both demographic data, and a greater insight to allow meaningful 
comparisons of self reported pain perception. As it is essentially using discrete Visual Analogue 
Scales it allows direct comparison with the post trial VAS scores for pain perception. 
As well as history taking and observation of functional ROM tests with participants, the self 
report questionnaire QDASH (Quick: Disabilities of the Arm Shoulder and Hand) was used 
(Beaton, et al., 2005). QDASH is an established valid instrument to elicit and measure the 
impact of upper limb dysfunction on activities of daily living (ADL). It is commonly employed in 
clinical practice and research and therefore is ideally suited to this area of investigation. Its use 
then in this study is potentially as a part of a participant screening process to identify severe 
cases for appropriate evaluation, and to furnish the study with more detail as to the 
demographics of the group and possibly provide some granularity to the results if appropriate. 
Due to the inherent problems with the assessment of the Apley score (Section 2.2.4).  
subjective assessment of shoulder rotations was not carried out. Instead, baseline shoulder 
rotation performance was assessed using the objective proxy measure (section 3.2.2.3) in the 
non-VR condition. 
3.2.4. Participants 
Whilst the pilot studies and iterative designs were tested with healthy volunteers wherever 
possible, this is not, however, viable for this study. To investigate the efficacy of the VE, it is 
necessary to discern changes in the ROM arc between active motion and passive/active limits, 
which is generally only evident in people with genuine shoulder dysfunction, restriction and 
pain. Therefore, this study can no longer use a healthy population group (and in this regard a 
healthy control group would be meaningless as their shoulder active maximum ROM should 
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equate to the full limit of ROM). Participants were therefore recruited with actual shoulder 
conditions, these can be quite diverse and so selection criteria focussed on those with chronic 
musculoskeletal issues only.  
Participants were therefore screened to exclude acute cases, complicating conditions and 
pathology. In  particular, photosensitive epilepsy, neurological impairment, muscular atrophy, 
direct osseus impingement, joint degeneration (DJD), recent surgery, presence of surgical 
plates, pins or other embedded material. Very severe conditions, where rotation is limited to 
movement anterior to the coronal plane only, were also excluded and in conventional therapy 
such conditions would typically require steroid injections or surgical intervention.  
In keeping with such clinical approaches the participants were also evaluated and screened for 
underlying contraindications or pathology that might expose them to unnecessary risk or 
propensity for further injury or whose condition might compromise the validity of the data 
gathered. This was coupled with simple active and passive functional ROM tests to ensure the 
study conditions and tasks were suitable. Some of these form the basis of expedient measures 
and functional tasks incorporated into the study design itself. 
Nine volunteers from the University staff and students participated in this study (n=9, 3 male, 
6 female) between the ages of 24 and 53 years of age (mean age 43.6 years) (Table 2).  All 
were suffering from pain and restriction in one shoulder, due to chronic musculoskeletal 
conditions with a minimum duration of 3 months. Aetiology of the individual shoulder 
pathology could not be verified without access to medical notes.  
QDASH scores indicated the participants experienced mild to moderate disability (QDASH 
range: 9.1 -25.0), none of which were severe. QVAS scores indicated that 3 experienced 
moderate to high intensity pain (SH101, SH105, and SH106) whilst the remainder were 
classified with low intensity pain. The elements of the QVAS also gave further detail as to the 
typical perceived pain intensity and the perceived intensity at its worst. 
TABLE 2: DEMOGRAPHIC DETAILS OF PARTICIPANTS FOR STUDY 1 
Participant ID Age Gender 
Self report from QVAS 
QDash score 
typical pain Worst pain 
SH101 41 M 5 7 15.9 
SH 102 38 F 1 2 9.1 
SH 103 44 F 1 3 11.4 
SH 104 53 M 3 6 25.0 
SH 105 47 F 8 9 20.0 
SH 106 51 F 6 8 15.9 
SH 107 24 M 4 6 9.1 
SH 108 52 F 1 6 20.0 
SH 109 42 F 2 3 10.0 
 
Ethical approval was obtained from the University of Portsmouth Creative and Cultural 
Industries Faculty Ethics Committee. All participants gave their informed consent prior to the 
study (forms in appendix A). 
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3.2.5. Procedure 
Prior to the study all participants were given an information sheet and were invited to discuss 
any aspects of their potential involvement in the study. Participants were introduced to the 
physical environment of the VR suite and made aware of relevant features and any potential 
risks. The task was described to them, and participants were asked to demonstrate the 
movements expected, to ensure that an appropriate active ROM was possible. Participants 
confirmed that they were otherwise healthy and did not match any of the exclusion criteria. 
Participants gave their informed consent using a form approved by the ethics committee. 
Participants were also asked to complete the QDASH questionnaire and the QVAS pain scores. 
Participants were asked to put on the controller and battery pack around their waists 
themselves, with assistance if necessary, to ensure it was comfortable. The pack rested on the 
ipsilateral side to their affected shoulder to allow sufficient wire length for reaching. Magnetic 
motion tracking sensors were placed on the acromion of the scapula, lateral epicondyle of the 
humerus, and Lister’s tubercle of the radius, of the hand of the affected side using 
hypoallergenic tape (Figure 17 & Figure 18).  Trailing wires were loosely secured with 
adjustable straps to prevent entanglement or dragging weight.  Participants were also asked to 
wear the polarized glasses with a fourth false sensor mounted (Section 3.2.2.1.). Participants 
were then asked to repeat the necessary actions to ensure they were free to do so unhindered 
or restricted by the equipment (Figure 26).   
 
FIGURE 26: 4 SENSOR POSITIONS 
Participants were then led to a point marked on the floor which was 2 metres from the screen 
centre so that the task requirements could be explained to them and the sensor positions 
calibrated according to their position and height. 
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FIGURE 27: STATIC VIEW ORCHARD AND BASKETS 
At the start of each experimental trial the participants had a non-interactive view of the 
“Orchard” with the baskets in view (Figure 27) whilst the task was explained to them. 
The task was presented in all three conditions (VR stereo, VR mono and non-VR) in 
counterbalanced order.  For the interactive VR conditions a demonstration apple was provided 
that did not record data to allow the participants to familiarise themselves with the 
environment before the study began. 
For the non-VR condition, a static (non-interactive) image of the “Orchard” was displayed and 
the participants were instructed to alternately attempt maximal internal and external rotation, 
with a forward reach between each rotation attempt. In total, 5 internal and 5 external 
rotations were recorded.  
For the VR conditions, the participants were familiarised with the task, and then the starting 
position of the sensors was recorded and used to initialise the camera view in the virtual 
scene, which was dynamically linked to the actions of the participant.  Ten virtual apples (5 
green and 5 red) were displayed outside the peri-personal space but within the field of view 
(Figure 28), and the participants were instructed to pick the apples in any order, with the green 
apples to be placed in the virtual basket behind the shoulder (external rotation) and the red 
apples to be placed in the virtual basket behind the hip (internal rotation).  
   
FIGURE 28: VR ORCHARD INTERACTION 
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In all three conditions, a keyboard press recorded the sensor position at the point when the 
participant expressed that they felt they had achieved maximal rotation. 
All volunteers participated in each of the 3 conditions in a randomised order. In all three 
conditions participants wore the lightweight polarised glasses, sensors and pack.  
Between each condition participants were offered water and a chance to rest if they so chose 
and checked for any evident discomfort. At the conclusion of the three conditions participants 
were then relieved of the motion tracking equipment, and asked to rate their perceived pain, 
on a standard VAS score. Participants were debriefed and allowed a recovery period, with 
water, to ensure there were no ill effects from the exertion, or any potential cybersickness.  
3.3. Results 
3.3.1. Internal Rotation 
A mean value was calculated for the 5 internal rotations for each condition, using the 
separation between the shoulder sensor and the hand sensor at the point of maximal rotation 
as a proxy measure of rotation (Table 3).  
 
FIGURE 29: MEASURING THE RELATIVE INTERNAL ROTATION 
The greater the internal rotation achieved, then the smaller the vertical distance, between the 
wrist sensor and the shoulder sensor. As the shoulder’s vertical position is effectively taken as 
the zero position, then the relative values are recorded from the hand sensors. During internal 
rotation these will be negative values, as the hand will lie below the shoulder, therefore the 
less negative the value recorded the greater the internal rotation achieved (Figure 29). 
Values are then compared to each other and analysed both as mean and maximal active ROM, 
but also as ROMs compared to the active maximal rotational ROM achieved which provides a 
control. 
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TABLE 3: MEAN AND MAXIMAL INTERNAL ROTATION MEASURED AS (HAND POSITION - SHOULDER POSITION) IN METRES  
ID 
Mean internal rotation Maximal internal rotation 
No VR VR mono VR stereo No VR VR mono VR stereo 
SH 101 -0.297 -0.318 -0.291 -0.282 -0.297 -0.270 
SH 102 -0.311 -0.314 -0.333 -0.297 -0.296 -0.313 
SH 103 -0.283 -0.323 -0.314 -0.274 -0.308 -0.297 
SH 104 -0.275 -0.346 -0.339 -0.260 -0.329 -0.306 
SH 105 -0.339 -0.338 -0.321 -0.317 -0.329 -0.308 
SH 106 -0.179 -0.212 -0.214 -0.170 -0.202 -0.201 
SH 107 -0.271 -0.257 -0.268 -0.256 -0.247 -0.263 
SH 108 -0.387 -0.385 -0.386 -0.375 -0.368 -0.368 
SH 109 -0.222 -0.228 -0.249 -0.201 -0.213 -0.224 
Mean Value -0.285 -0.302 -0.301 -0.270 -0.288 -0.283 
StDev 0.061 0.058 0.052 0.060 0.056 0.050 
 
A repeated-measures ANOVA demonstrated a marginal effect of VR conditions on the mean 
internal rotation (F(2,16)=3.24, p=0.07), and also a marginal effect of VR on the maximal internal 
rotation (F(2,16)=3.48, p=0.06).  However, this is not an improvement in the ROM attained, 
instead there is statistically, a marginal significant decrease in internal rotation in both VR 
conditions, when compared to the control no-VR condition. 
3.3.2. External Rotation 
A mean value was also calculated for the 5 external rotations for each condition, again using 
the separation between the shoulder sensor and the hand sensor at the point of maximal 
rotation as a proxy measure of rotation (Table 4).  
 
FIGURE 30: MEASURING THE RELATIVE EXTERNAL ROTATION 
The greater the external rotation achieved, then the smaller the vertical distance, between the 
wrist sensor and the shoulder sensor. As the shoulder’s vertical position is effectively taken as 
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the zero position, then the relative values are recorded from the hand sensor. During external 
rotation these will generally be positive values, as the hand may well lie below the shoulder 
but the wrist will lie above albeit close to it, therefore the less positive the value recorded the 
greater the external rotation achieved (Figure 30). 
Values are then compared to each other and analysed both as mean and maximal active ROM 
but also as ROMs compared to the controls’ active maximal external rotational ROM achieved. 
A repeated-measures ANOVA demonstrated no significant effect of the VR conditions on the 
mean external rotation (F(2,16)=1.36, p=0.29), and no significant effect  of VR conditions on the 
maximal external rotation (F(2,16)=1.41, p=0.27). 
It should be noted that the combination of small sample size and inter-subject variability 
reduces the reliability of these results. The observed power of the study was 0.42, suggesting 
that a much larger number of participants would be required to verify the findings in this 
study. 
Some further consideration of comparative ROM data under VR conditions in a clinical context 
are addressed in Section 3.5.3. 
TABLE 4: MEAN AND MAXIMAL EXTERNAL ROTATION MEASURED AS (HAND POSITION - SHOULDER POSITION) IN METRES 
ID 
Mean external rotation Maximal external rotation 
No VR VR mono VR stereo No VR VR mono VR stereo 
SH 101 0.106 0.110 0.112 0.096 0.103 0.102 
SH 102 0.118 0.110 0.108 0.116 0.102 0.104 
SH 103 0.164 0.082 0.084 0.128 0.079 0.083 
SH 104 0.091 0.080 0.091 0.075 0.069 0.085 
SH 105 0.091 0.096 0.126 0.081 0.094 0.108 
SH 106 0.105 0.104 0.099 0.101 0.098 0.095 
SH 107 0.119 0.101 0.107 0.112 0.090 0.099 
SH 108 0.098 0.099 0.099 0.093 0.093 0.096 
SH 109 0.069 0.061 0.058 0.060 0.052 0.053 
Mean 
value 0.107 0.094 0.098 0.096 0.087 0.092 
StDev 0.026 0.016 0.019 0.021 0.017 0.017 
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3.3.3. Perceived Pain 
TABLE 5: PRE- AND POST-TEST VAS PAIN SCORES 
Participant ID 
Self-report from QVAS and VAS 
Pre-test pain Post-test pain 
SH101 6 5 
SH102 0 0 
SH103 0 1 
SH104 3 1 
SH105 8 5 
SH106 6 4 
SH107 1 0 
SH108 1 0 
SH109 1 2 
Mean value 4.0 2.4 
StDev 3.02 2.12 
 
The pre-test VAS scores had a mean value of 4.0, and the post-test VAS scores had a mean 
value of 2.4 (Table 5). 
The pre- and post-test VAS pain scores were compared using a paired-sample t-test. There was 
a significant reduction of perceived pain from the pre-test to the post-test scores (t(8)=2.94, 
p<0.05).  
3.4. Discussion 
Whilst the designs went through iterative testing with healthy volunteers as a proof of concept 
study there always potential concerns with implementation of the various interrelated 
elements for participants who actually have shoulder and neck restrictions. Nevertheless all 
elements seemed to function as expected and all elements seemed to be accepted by the 
participants in their interaction with the VE.  
One concern that proved to be unfounded for this study is the potential to significantly alter 
shoulder height or the angle of the trunk relative to the hand position. Movements of the 
shoulder complex do not typically occur in isolation, and final posture and position result from 
both combinations of muscle activity and multiple joint actions contributing to the final 
outcome. As such forward reaching behaviour is commonly associated with some trunk flexion 
and this is borne out in documented studies (M. Levin, 2009; Rossi, et al., 2002). However, 
such movements are generally more pronounced when the pelvis is effectively anchored, i.e. 
when the individual is seated as they were in the study by Levin (2009) whereas this is not the 
case here as the participants could move and orientate freely. Although there were a few 
incidences of minor trunk flexion (made apparent by the virtual basket then briefly appearing 
in the field of view) these were infrequent and relatively minor resulting in small forward 
movements whose angle would not have notably reduced the shoulder height and did not 
significantly impact the data recorded. Moreover, trunk flexion where it occurred was 
observed only in forward reaching and not rotational tasks and this is supported by the 
shoulder height data not decreasing during the rotation task and therefore it is not a 
confounder risk for the data for either internal or external rotation.  
81 
Observations of participant engagement, whilst not a measured outcome in this study, are 
relevant in a rehabilitation context and as an aside participants reported enjoyment of the VR 
task, and many of them demonstrated high levels of physical and verbal engagement during  
the tasks in the VR conditions. Although gameplay mechanics were not explicit in the design at 
this stage, apart from the inherent challenge, some participants responded to the VE 
challenges as though gameplay was implied. Where some participants were struggling to 
acquire the target in the mono VR condition the option is available for the offending apple to 
be passed to the participant’s hand by a keystroke, however, despite this option being offered 
after three failed passes, none of the participants acquiesced to the offer, remaining 
determined to acquire it themselves.  These observations among others are encouraging 
particularly for what is essentially a proof of concept that has yet to be deliberately geared 
towards engagement and although much of this may be due to the novelty, it shows potential.  
Studies of this type of repeated task performance can be associated with fatigue or learning 
effects which may potentially confound the results. Fatigue may have a tendency to hinder 
performance over time, whereas repetition of a novel task may create a learning effect which 
leads to improved performance over time. Counterbalancing of the study conditions should 
serve to minimise the effect of these phenomena on the results, but we should not completely 
exclude them from consideration particularly across a small sample. It is possible that either or 
both of these phenomena serve to increase the variability seen in the data.  It is suggested that 
further work is carried out in the future, looking specifically at the effect of learning or fatigue 
during performance of reaching tasks in VR.  
Examination of the data for each participant in the study reveals a considerable variation in 
data profiles. With some individual outliers showing distinct differences in behaviour and with 
data that notably deviates from the mean, which influence the overall results. Whilst it would 
not be appropriate to exclude participants from the analysis, at this stage, without any 
justifiable criteria to do so, nevertheless there may be some participant characteristics which 
may contribute to these variations in data profiles that could be worth identifying. Future work 
should be carried out to investigate this, considering more detailed demographic profiles, with 
the shoulder condition formally diagnosed, and details of onset, chronicity, aetiology, gender, 
age, hand dominance and VR familiarity being considered using a non-linear covariate analysis 
of variance of within-subject differences. Although this will require a much larger participant 
group and is outside the scope of this thesis, it would nevertheless be a valid and potentially 
revealing investigation especially in identifying coherent subgroups that might benefit from 
tailoring VR to their needs within a rehabilitation strategy. The discussions in chapters 3 should 
be considered within the exploratory context of this observation. 
In addition, the influence of the novelty of immersive VR should be evaluated in a longitudinal 
study to see whether the variations in data profiles (e.g. pain and ROM) are ameliorated with 
exposure or even become more distinct. It might be that at the initial sessions of exposure that 
the novelty itself becomes a confounder with the adoption of rigid system behaviours, 
unfamiliar cues, and potentially distraction from the task goals themselves. Equally however, it 
might be that after a period of familiarisation and motor learning in such an environment, the 
novelty element is reduced and its impact on pain perception and engagement may be 
lessened over time. Similarly those with familiarity with VR or regular exposure to high end 
gaming systems might also find the benefits are lessened but equally might find such an 
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approach more appealing and engaging than conventional approaches. It is possible that the 
presentation of VEs may have to be regularly updated to maintain an engaging and novel 
experience. 
As discussed in the method (Section 3.2.3), no pre-test baseline Apley score was taken due to 
its inherent subjectivity, poor reliability and lack of standardisation that meant that such a 
score could be misleading and would be questionable as a baseline comparison (Section 2.2.4).   
The experimental conditions were counterbalanced to minimise order effects, but this meant 
that the non-VR rotation was not always the first rotation performance measured. It might in 
retrospect, have been beneficial to record a non-VR proxy measure before embarking on the 
counterbalanced test protocol, in order to establish a baseline rotation performance before 
any learning or fatigue effects affected the measure. Future studies should take this into 
consideration.  
Regarding the actual measured outcomes for this study the results show some potential but 
are for the most part somewhat ambivalent and raise other questions that need to be 
considered before further progress can be made in this particular direction. This study set out 
to address two hypotheses (Section 3.2.1.) which are addressed in their appropriate discussion 
sections, along with further observations with notable implications arising from this study.  
3.4.1. Effect of VR on pain 
Hypothesis 2:  There will be a reduction in perceived pain after performing range of motion 
tasks in VR 
There was a significant reduction of perceived pain from the pre-test to the post-test scores 
overall (i.e. after completion of all action tasks under all 3 conditions) (t(8)=2.94, p<0.05) 
(Table 6) and since the activity alone would be expected to exacerbate pain perception in the 
short term, a reduction in perceived pain would seem to support the hypothesis and appears 
consistent with other studies in this discipline (Gold, Seok Hyeon, Kant, Joseph, & Rizzo, 2006; 
Hoffman, et al., 2000; Hoffman, et al., 2003). 
However, this was not universal amongst all the participants and therefore some caution 
should be taken here, particularly as the study is effectively underpowered. In addition, this 
lack of an overall consistency in perceived pain reduction may suggest the involvement of 
other factors, which would again warrant an investigation into the study design and 
observations of participant behaviour (Section 3.4.4. & 4.2.). 
Nevertheless when considering the effect on pain, comparing pre and post trial (VAS) scores, it 
would be reasonable to have expected the participants perceived pain to increase with the 
activity undertaken in the study task, as, in a therapeutic context, this is effectively equivalent 
to performing 40 repeated reaching and rotation motion tasks, (without loading), to the limits 
of comfortable ROM.  
Such an expected increase in pain could be arguably equated in a manner that would at least 
be greater than the pre trial resting score and more consistent with the self reported QVAS 
score for typical average pain with activity, and possibly, with the task repetition, approach 
their worst pain scores associated with activity (although the lack of loading should reduce 
this).  
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Nevertheless, as could be anticipated none of the participants reported post-trial pain at a 
level equal or greater than their self reported worst pain. Notably 6 of the 9 participants 
reported post-trial pain scores lower than their typical average.  Moreover, none of the 
participants reported a post-trial pain level exceeding their average typical pain. Furthermore, 
6 of the 9 participants reported post-trial pain scores lower than their pre-trial pain scores 
(even though 4 of the 9 participants self reported pre-trial pain scores were lower than their 
self reported typical average pain score to start with)(Table 6). 
The results for pain reduction seem largely consistent with other studies in VR which is 
promising although the lack of consistency across all the participants should be noted. Those 
participants who demonstrated an increased pain perception may have other factors 
influencing their results, some of which may have arisen from factors observed during the 
study that may also have influenced both the participant’s ROM and other motion behaviours 
which need further consideration. 
TABLE 6: PARTICIPANT QDASH LEVEL WITH COMPARISON OF QVAS TO POST STUDY VAS FOR PAIN 
ID typical 
pain 
Worst 
pain 
 Current pre 
trial pain 
post trial 
pain 
Difference 
pre-post 
trial 
QDASH 
 Self report 
QVAS 
Self report 
QVAS 
 Self report 
QVAS 
self report 
VAS 
Score Score 
SH105 8 9  8 5 -3 20 
SH106 6 8  6 4 -2 15.9 
SH104 3 6  3 1 -2 25 
SH101 5 7  6 5 -1 15.9 
SH108  1 6  1 0 -1 20 
SH107  4 6  1 0 -1 9.1 
SH102 1 2  0 0 0 9.1 
SH103 1 3  0 1 +1 11.4 
SH109 2 3  1 2 +1 10 
 
The statistical significance in pain reduction scores coupled with observed pain changing 
patterns suggest that further investigation is certainly warranted but is as yet, considering  the 
size of the trial group and inconsistency in patient response, not entirely compelling and 
factors which may complicate or confound these elicited responses require identifying, and 
where possible, correction.   
As a proof of concept study the sample size is small and some degree of caution should be 
taken before making conclusions on this basis. In addition, some observed participant reaching 
behaviour strategies were apparent in this VE which might affect the motion and pain data and 
have further implications that need investigation (Section 3.4.4 & 4.2). 
 
 
 
84 
3.4.2. Effect of VR on external and internal rotation 
Hypothesis 1:  Range of motion will be significantly different between VR and non-VR 
condition. 
There was no significant effect of either of the two VR conditions when compared to each 
other or the non-VR condition, suggesting that in this case both mono and stereo VR displays 
were equally ineffective and therefore in this regard alone, the hypothesis is not supported. 
Moreover, there is no significant improvement detected under the influence of the VR 
conditions in terms of ROM. In addition, the results obtained, should raise further questions, 
as the outcome is not clearly in a straightforward alignment with the hypothesis as the 
superficial tendencies seen with internal and external rotation appear contrary to one another. 
External rotation does not actually give a clear statistical significance either when comparing 
maximums or means. Furthermore, internal rotation in this study also does not demonstrate a 
clear statistical difference and so the hypothesis is not supported. Moreover, internal rotation 
appears if anything to show marginal significance for being worse under the VR condition than 
the normal condition.  
Further analysis on a case by case basis does reveal some interesting insights however (Section 
3.4.3), implying that some individuals may show a tendency towards increasing active external 
ROM in the VR condition. In addition, with hindsight there may have been some issues with 
the study design that may have influenced this result (Section, 3.4.3. & 3.4.4.). 
3.4.3. Clinical Considerations 
Whilst comparing average and maximal rotations did not yield any significant difference across 
the population as a whole, when observing the ROM achieved by individuals on a case by case 
basis in a therapeutic context there are some findings worthy of further consideration. From a 
clinical perspective, therapeutic exercises that elicit movements that exceed the normal active 
maximal ROM and pass into movements normally reserved for passive movement arcs are 
therapeutically useful. Passive ROM arcs often exceed maximal active ROM and this is 
achieved by the intervention of therapists or clinicians moving the affected limb themselves 
thereby circumventing muscular load bearing and pain avoidance behaviour.    
In a clinical context, considering the maximum rotation achieved in the non VR condition as a 
control standard, against which the observations of the VR influenced rotation in the other 
conditions can be compared, then to exceed the control maximum at all, particularly with any 
consistency, could be construed as therapeutically useful, and in this regard some tendencies 
are apparent.  
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TABLE 7: NUMBER OF ROTATIONS EXCEEDING THE BEST NON-VR ROTATION (MAXIMUM 5 ROTATIONS) 
ID 
Number of rotations exceeding best non-VR rotation 
External rotation Internal Rotation 
Mono VR Stereo VR Mono VR Stereo VR 
SH 101 0 0 0 1 
SH 102 4 5 0 0 
SH 103 5 5 0 0 
SH 104 2 0 0 0 
SH 105 5 0 0 0 
SH 106 3 4 0 0 
SH 107 5 5 3 0 
SH 108 0 0 1 1 
SH109 2 3 0 0 
Mean 2.89 2.44 0.44 0.22 
StDev 2.03 2.40 1.01 0.44 
 
Although the study used a small sample size and therefore was relatively underpowered, it 
was noted nevertheless that there is a tendency for some individuals to demonstrate 
increasing ROM in external rotation in the VR conditions, and from a clinical perspective this 
still has some relevance. Since the primary goal of shoulder rotation mobilisation is to increase 
the ROM, the number of times rotation in VR exceeded the maximum rotation in the non-VR 
condition was examined (Table 7). 
Seven participants achieved maximal external rotation in VR greater than that achieved in the 
non-VR condition. However, only two participants achieved maximal internal rotation greater 
than that achieved in the non-VR condition. Overall, the number of times external rotation 
exceeded the best non-VR attempt in both VR conditions was much higher than that seen with 
internal rotation (Figure 31). 
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FIGURE 31: MEAN NUMBER OF TIMES EXTERNAL AND INTERNAL ROTATION IN THE VR CONDITIONS EXCEEDED THE MAXIMUM 
ROTATION IN THE NON-VR CONDITION 
In the non-stereo VR condition 7 out of the 9 participants achieved external rotation of the 
shoulder that exceeded the control condition, 5 of the 9 did so more than half the time, some 
of these consistently so. In contrast, for internal rotation of the shoulder only 2 out of the 9 
achieved rotation greater than the control maximum and then rarely so. Similarly in the stereo 
VR condition 5 out of the 9 participants achieved external rotation of the shoulder that 
exceeded the control condition, again 5 of the 9 did so more than half the time, some of these 
consistently so. In contrast, for internal rotation of the shoulder, only 2 out of the 9 achieved 
rotation greater than the control maximum and again rarely so. 
Overall the effect of the VR conditions would appear to be a fairly weak influence and yet 
therapeutically interesting nonetheless. The fact that control maximums are being exceeded at 
all, and in some individuals, with some regularity in external rotation, would suggest that this 
approach could warrant further enquiry. 
As a proof of concept study the sample size and number of repetitions is not large and 
therefore some caution should be exercised in drawing meaningful conclusions particularly in 
light of the statistical analysis. It is of course possible that that the results may simply be 
skewed due to a small sample size.   
The lack of significant or consistent results with regard to active ROM for internal and external 
rotation may be due to other influencing factors which need consideration. Particularly those 
that might have contributed to the apparent disparity in performance concerning the relative 
maximal ROM reached in internal rotation compared to the more favourable maximal ROM 
seen in external rotation under the VR condition.  
Firstly the apparently weak influence of VR in this study may simply be due to the fact that a 
significant part of the measured action task is occurring outside of the users field of view 
(Section 3.1.), where the sustained influence of the visual distraction elements of VR may 
simply be diminished. However, the lack of consistency in the results and considering the fact 
that some individuals consistently improved their external rotation ROM, means that this 
cannot be supported or refuted with any confidence at this stage. Moreover, it is clearly not 
the only factor (if it is a factor at all) as it would not explain the apparent disparity between 
internal and external rotation. 
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One factor which may have influenced movement behaviour relates to the placement of the 
“flock of birds” battery pack and its associated wires to the sensors.  In order to give 
unrestrained movement of the arm and reduced encumbrance during walking, the battery 
pack was placed above the hip of the pertinent side so that the length of the wires would not 
in any way limit movement. However, in retrospect, whilst the pack did not directly impede 
internal rotation, allowing sufficient clearance for normal movement, it became apparent that 
some participants remained aware of its presence and were concerned that the wires might 
somehow become entangled with the pack during internal rotation and therefore this may 
have consciously affected motion and modified maximal internal ROM. 
However, there is also some evidence for differences in proprioceptive ability during gleno 
humeral rotation when the shoulder musculature is fatigued (Carpenter, Blasier, & Pellizzon, 
1998) which may be the case after prolonged pain and restriction (possibly coupled with the 
potential fatigue arising from the reaching task), (Section 4.2). They reported that position 
sense was diminished in both internal and external rotation by as much as 73% following 
fatigue from exercise and suggest that this could diminish sports performance and could 
contribute to fatigue-related shoulder dysfunction. Whilst these observations are as a result of 
short term exercise, the resultant effects of prolonged mild exertion and chronic fatigue from 
shoulder dysfunction with excessive hypertonicity of shoulder musculature are likely to be 
comparable and may even be more pronounced. This altered proprioception of shoulder 
position might also therefore interfere with the participants perceived maximum ROM. 
Notably Carpenter et. al. (1998) observed that this altered proprioception or diminished 
position sense was not uniform  but rather that their participants detected external rotation 
after significantly less movement than they did internal rotation. This additional decreased 
sensitivity to internal rotation may also have had an influence on these observations although 
its relative effect should be ameliorated by the counterbalanced order of study conditions. 
In addition, another study (Björklund, Crenshaw, Djupsjöbacka, & Johansson, 2000) observed 
that during fatigue, proprioception of arm position decreases more for adduction than 
abduction (and was more notable in females) which has implications for the measured action 
task.  Although adduction is not directly measured, the diminished internal rotation observed 
has to be accompanied by the prepositioning of the adduction of the arm in Apley’s scratch 
test, whereas the external rotation component is prepositioned by abduction (or flexion in 
some individuals). Once again if fatigue is becoming a factor possibly due to a combination of 
sustaining the sequence of actions in the study, coupled with prolonged hypertonicity in the 
musculature of the affected side, then perhaps a combination of these factors across a small 
sample size may have influenced the relatively poor performance for active internal rotation 
during the study. 
A further issue which may have influenced movement behaviour relates to the narrative given 
to the participants to facilitate engagement and immersion in the task in the virtual “Orchard”. 
Despite being asked to reach as far as they could behind their back (for maximal active internal 
or external rotation) in order to reach the basket position, and then having the reaching 
motion demonstrated to them, (effectively the individual components of the rotational 
elements of Apley’s scratch test) the final element of narrative to support the task included the 
phrase “discard the red apple into the lower basket” this subtle narrative cue may have 
resulted in the completion of internal rotation being modified into behaviour that relates more 
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to the action of discarding (i.e. the point of release being just behind the hip and lower back, 
projecting backwards, rather than upwards into the intended higher position). Moreover, 
whilst the proprioceptive differences, fatigue effects and battery pack position might influence 
the results, the counterbalanced order of conditions should simply have resulted in a 
diminished effect overall. Therefore the narrative is the only influence which was inadvertently 
distinctly different between the VR and non-VR conditions. Thus with internal rotation showing 
marginally significantly worse rotation in the VR compared to the non-VR condition, then this 
influence may well be the most likely issue.  Whilst an unfortunate and unanticipated 
confound, this does serve to highlight the considerable importance of implied narrative from 
gameplay or immersive tasks on participant behaviour, which is worthy of consideration when 
designing therapeutic tasks within VR.  
However, other unanticipated, aberrant reaching patterns were observed with some 
participants, and these may have had more profound effects from a clinical perspective, and 
therefore the motion trajectory data for the reaching motions during the action task were 
extracted for post hoc analysis. To support a visual analysis of this behaviour, the xyz co-
ordinates of the hand position relative to the shoulder position were calculated for every data 
point of a movement trial, and this data was then imported into 3DS max and visualised using 
a maxscript  algorthim to generate a visual motion path. This technique, whilst fairly time-
consuming, allows a rich 3-dimensional visual review of the motion behaviour over time. Once 
reasonable examples of each of the three movement behaviours, observed during the study, 
had been identified, along with examples of normal reaching behaviour, these were used to 
interpret their component actions (Section 3.4.4.1). Further analysis for all the data sets in 270 
trials was not considered to be efficient at this stage, although the data is retained for future 
work for a more extensive analysis considering movement kinematics in VR and the frequency 
of such aberrant movement patterns which for now lie outside the scope of this thesis.  
3.4.4. Reaching behaviour and motion patterns  
During observation of the participants performing the reaching and rotational tasks in this 
study it became apparent that a number of the participants were performing aberrant motion, 
as opposed to typical reaching behaviour, whilst in the VE conditions. 
3.4.4.1. Analysis of observed typical and atypical reaching behaviour. 
The typical reaching behaviour is for the individual to approach the target walking normally, 
with the arms either loose by the side or with the elbow slightly flexed in a ready position. As 
the individual then gets close to where the target is perceived to be, anticipatory postural 
adjustments (APA) occur to prepare for reaching, positioning the body so the target is on the 
ipsilateral side as the favoured reaching hand, shifting the centre of balance, with the 
ipsilateral leg positioned slightly ahead.  At this point the arm is brought up relatively smoothly 
in the acceleration phase and then decelerates to contact in the terminal phase or grasping 
stage (Atkeson & Hollerbach, 1985; Kang, He, & Tillery, 2005; Konczak & Dichgans, 1997; Viau, 
et al., 2004). 
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FIGURE 32: EXAMPLES OF MOVEMENT TRAJECTORY FOR TYPICAL REACHING BEHAVIOUR (A & B), LATERAL VIEW. 
Two comparative examples of typical reaching trajectories from the study are shown (Figures 
32A & B) where the path of the hand relative to the shoulder is indicated from the left 
viewpoint (i.e. the shoulder motion is compensated for and therefore the hand motion relative 
to the shoulder baseline is shown).  In each case the top of the shoulder lies at the vertical and 
horizontal line intersection and the hand path is shown moving relative to it from the right end 
to the left end of the path. (Trajectories were mapped using the flock of birds data extracted in 
maxscript in order to be visualised in 3DsMax). 
In both cases (Figures 32A & B) the hand is returning from an over the shoulder position 
(having dropped a green apple in the top basket) whereupon as expected it drops to the side 
or slightly in front with the shoulder and elbow demonstrating a minor amount of resting 
flexion. The hand remains in this position as the participant approaches the target hence the 
cluster of points with some oscillation due to walking action. On the final approach the arm 
ascends smoothly into flexion in the acceleration phase with final compensatory motion of the 
elbow and wrist in the deceleration and terminal grasping phase exactly as is expected. 
Some care needs to be taken in interpreting such visual data of relative positions (e.g. where a 
top down view point is used to describe motion, sideways motion from the top viewpoint can 
equally indicate the hand moving in that direction or the shoulder moving in the opposite 
direction relative to the hand). However, for the lateral or side viewpoint (for consistency 
motion will be displayed from a left viewpoint throughout unless otherwise stated) whilst 
there will be minor oscillations in height during the participant walking and a couple of 
incidences of rising to toes in terminal reaching, there were no incidences of participants 
significantly bending (trunk flexion,) crouching, or otherwise radically altering their shoulder 
height and therefore any substantial movement in the vertical axis can be interpreted as 
primarily due to hand and arm motion. 
Whilst some of the participants performed reaching actions consistent with typical reaching 
behaviour it seemed evident that some participants were adopting behavioural strategies in 
response to the novel elements of the visual stimuli in the environment and the demands that 
the task required of them. Moreover, behaviour was not always consistent with some 
participants changing strategies during the study.  
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FIGURE 33: ARM POSITIONS APPROACHING TARGET OBJECT (A) THE SUSTAINED ELEVATED POSITION (B) NORMAL RESTING OR 
PREPARED POSITION 
Three patterns of atypical reaching behaviour seemed to emerge with some regularity. The 
first was to approach the target object with the arm excessively elevated at a very early stage, 
often with the elbow almost fully extended with the arm and hand outstretched before them 
(Figure 33 A) as opposed to the normal arm position (Figure 33 B). The second and third 
behaviours (sometimes in conjunction with the first), concern actions in the terminal stages of 
reaching where the individuals in some cases made searching (or “fishing”) patterns with the 
hand or broad sweeping motions with the upper limb. 
 
FIGURE 34: EARLY ARM ELEVATION WITH SUSTAINED ELBOW EXTENSION 
Considering the first behaviour, Figure 34 provides an example of the arm held elevated 
throughout the approach to the target (consistently above the shoulder plane) with the elbow 
extended with the arm held out in front of the body for an extended period of time (hence the 
almost vertical cluster of points at arm’s reach) before the final terminal grasping phase. 
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FIGURE 35: EXCESSIVE ARM ELEVATION 
Sometimes this excessive arm elevation approach occurred even though the target object was 
actually at roughly the same height as the shoulder (Figure 35). In this example the 
participant’s hand is returning from above the shoulder again having dropped a green apple 
previously. In this instance the elbow is not extended throughout but the arm and hand are 
initially extremely elevated before dropping down in the final approach, yet remaining 
elevated above shoulder height throughout, where the hand is then held outstretched (briefly 
missing the target) until contact is made with the target apple, at just above shoulder height. 
As the reaching action was initiated from above the shoulder in this instance (Figure 35), such 
movement might have been construed as avoidance behaviour in response to pain in order to 
reduce the overall arm movement occurring, by not lowering the arm, only to raise it again.  
 
FIGURE 36: EXCESSIVE ARM ELEVATION TRAJECTORY 
Whilst pain avoidance behaviour may still be a factor, a further example, (Figure 36) suggests 
another explanation is required as it shows excessive arm elevation being adopted even 
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though to do so involves elevating the arm from a much lower position, involving greater 
overall movement and load bearing at the shoulder joint. In this instance (Figure 36), the arm 
is returning from having dropped a red apple in the lower position, at this point the arm is 
almost in the natural resting position, yet the arm is brought up into an excessive elevation 
position on the approach and remains high for the remainder of reaching, even though its 
elevated position far exceeds that necessary to acquire the target object. The arm finally 
lowers in the deceleration phase to terminal contact at a position just below normal shoulder 
height. Such motion for an injured shoulder is certainly atypical and involves far greater 
demands on muscle action with the potential to induce earlier onset of fatigue and possibly 
pain for some individuals during the action task, which may affect performance and undermine 
the pain suppressing element of VR. In addition such sustained loading may exacerbate post 
exercise fatigue and pain which could prove to be demotivating.  
The movement behaviours of sustained elbow extension and excessive arm elevation are not 
commonly described in the VR literature although close inspection of the data provided in 
some of the published studies reveal movement patterns with some unusual commonalities 
that are consistent with these findings. Indeed even the influential paper by (Viau, et al., 
2004), often cited particularly for its conclusions that movement in VR is comparable to real 
world movements and therefore viable for rehabilitation strategies, warrants further 
consideration. They observed that both healthy individuals and those with motor deficits 
moved in a similar manner, using similar strategies, for placing objects in the VR condition. 
However, their observations of motion data also reported that both groups used more elbow 
extension (a straighter arm) in the VR condition compared to the non VR condition, which is 
consistent with the observations here. 
Whilst the Viau et al. (2004) study conclusions state that motion in VR adopts the same 
patterns and responses and therefore is suitable for physical rehabilitation it appears that this 
overlooks these minor differences as interesting details that do not bear much clinical 
relevance. In the general context of the Viau et al. (2004) study, their statement at the time 
could be regarded as largely fair and informative. However, in a free moving VE without 
restrictions, where individuals approach and reach for the target as they choose, to provide 
transferable rehabilitation gains, these minor differences, coupled with other reaching and 
perceptual issues, may make their conclusions premature in a wider VR context. Such 
behaviour necessitates additional physiological costs and reveals potential insights that may 
compromise rehabilitation aims.  
The second and third types of reaching behaviours observed concerned the terminal stage of 
reaching where the participant’s hand approximates the target object’s position. At this stage 
whilst most participants intercepted their target objects seemingly with a fair degree of 
anticipated accuracy, others either failed to intercept on their initial grasp (resorting then to 
searching movements), whilst others appeared to demonstrate behaviour that suggested they 
perhaps were not assured of intercepting the target with any certainty from the outset.  
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FIGURE 37: SEARCHING BEHAVIOUR 
An instance of the second type of motion behaviour (Figure 37) provides an example of almost 
typical reaching behaviour in its initial acceleration phase but as the hand approximates the 
target during the deceleration phase, the searching behaviour then starts.  
Examples of this second type of reaching behaviour often revealed itself in reaching patterns 
where arm motion brought the forearm and hand to the perceived location (where most 
participants formed a grasping hand shape conforming to the object shape even though this 
was not necessary) whereupon they then resorted to keeping the arm position relatively stable 
whilst “fishing” around the perceived position with the forearm and hand, (Figure 37 & Figure 
38)  carrying out searching movements, often roughly circular, sometimes with the hand 
outstretched and open (rather than grasping).  
 
FIGURE 38: EXTENDED SEARCHING BEHAVIOUR 
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Figure 38 is similar to the previous motion path although here the “fishing” or searching 
behaviour is quite protracted becoming more wide ranging and erratic (possibly in frustration). 
 
FIGURE 39: EXCESSIVE ELBOW EXTENSION WITH SEARCHING BEHAVIOUR 
Some participants used a combination of both the elevated arm with extended elbow (Figure 
39) (demonstrated by the 2 clusters of points at arm’s reach) followed by the searching 
behaviour as the hand approximates the target (the top pattern of points). 
 
FIGURE 40: TOP DOWN VIEW OF SWEEPING BEHAVIOUR 
Some participants used a third type of behaviour which is is illustrated here (Figure 40) from a 
top down perspective. This reaching behaviour, is an exaggerated version of searching, and 
involves making wide sweeping arcs with the forearm and hand, with the intentional initiation 
of such arcs, clearly wide of the target. This action appeared to be intended to simply 
encompass the target in the sweeping arc. These sweeping motions performed by a few 
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participants are not entirely random with the arm motion appearing to deviate in its approach 
to the target suggesting that the motion is intentionally starting away from the target in order 
to sweep across the target area as a deliberate intentional strategy. This seems consistent with 
the participant being presented with sufficient cues to estimate an approximate location but 
insufficient to determine an absolute spatial position. 
 
FIGURE 41: ERRATIC FLAILING MOTION FOR CHANCE INTERCEPTION 
A variation of this sweeping behaviour does appear on another occasion (Figure 41). Although 
this would appear to be where the participant has repeatedly struggled to acquire their 
targets, but this behaviour appears to be borne out of frustration and appears unplanned, 
erratic and inconsistent and therefore resembles flailing to intersect the object, rather than a 
deliberate reaching strategy. It is thus arguable that this is not a coherent strategy, but a 
frustration response. Its incidence was uncommon so an example is depicted for 
completeness, as it may be a factor that might influence the data, but otherwise it does not 
appear to contribute any valuable insights and so will not be considered further here.  
There were no overt or consistent indicators from the patients self reported data for these 
movement observations nor were there any clear relationships between QDASH and QVAS 
scores (e.g. SH105 has a pain score of just 1 whereas SH108 has a pain score of 8, yet both 
have a QDASH score of 20.0) which is not particularly unusual for patients with chronic 
conditions per se. Neither QDASH scores nor QVAS served as reliable indicators for the 
participant’s subsequent reaching behaviours, for example participant SH102 presented with a 
pain score of 0 which remained unchanged and a relatively low QDASH score of 9.1 and yet 
regularly demonstrated elevated reaching behaviour (see Fig. 23). This participant also had a 
relatively low mean external and internal rotation range. Conversely participant SH105 
presented with a pain score of 8, which reduced to 5 post trial, and had a QDASH score of 20.0. 
Nevertheless this participant demonstrated relatively normal reaching behaviour, (see Fig. 21 
A) with only occasional terminal stage hand searching behaviour (see Fig. 27), and the mean 
external rotation for this participant was not particularly low. Therefore although three of the 
participants had notably higher pain scores than the others there did not appear to be a link 
between higher pain scores and an increase in aberrant reaching behaviour. In this regard then 
other potential factors should be considered. 
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3.4.4.2. Implications 
Each of these three behaviours imposes additional physiological effort or burden and are 
generally inefficient compared to typical reaching behaviour. The degree of arm elevation has 
long been established as a significant factor contributing to load and subsequent fatigue in the 
shoulder musculature (Grieve & Dickerson, 2008; Sigholm, Herberts, Almström, & Kadefors, 
1983). Arm elevation of 90o or more can rapidly contribute to fatigue as the torque produced 
by the mass of the arm itself may well exceed 10% of the maximal voluntary contraction 
(Hagberg, 1981). Activities requiring prolonged arm elevation have been implicated as a 
determinant in the instigation and propagation of both muscle fatigue and shoulder 
musculoskeletal disorders (Grieve & Dickerson, 2008) which is hardly promising given a 
rehabilitation context.  
Some indicators that might suggest the reasons for adopting such behaviours are evident 
amongst those who altered their behavioural strategies during the study. It seems plausible 
that such alteration of reaching strategies, resulting in aberrant and inefficient motion 
behaviour, is in part a response to the visual stimuli of the target objects and novel experience 
of the VE (Section 4.2.). As such a number of behaviours indicate initial depth perception 
errors and subsequent initiation of changes in behaviour suggesting diminished confidence of 
perception of object positioning including: maintaining arm elevation and relatively 
constrained motion, suggesting a general orientation towards the target has been achieved 
but its absolute distance is uncertain; searching pattern movement, or fishing, in the local 
vicinity suggesting certain spatial cues, visual or haptic, are diminished or absent at the final 
stages of reaching to contact; broader sweeping actions either vertical or horizontal suggesting 
spatial perception cues have been deemed unreliable; and in extreme cases erratic flailing 
actions relying as much on increasing the likelihood of a chance interception rather than a 
premeditated grasp (Figure 30). Each of these suggests a lack of confidence in the target’s 
spatial location.  
Whilst observation suggests that participant engagement for the duration of the study was 
apparent and encouraging for the short term at least, in a clinical context, the potential for 
frustration, with lack of attainment and repeated actions during the task, could be 
demotivating and potentially jeopardise engagement in the long term, even if clinical goals are 
making progress. There are perhaps more significant implications though for physical therapy 
including fatigue, pain and uncontrolled repetitive movements that are potentially deleterious 
to the rehabilitation strategy. 
Whilst these examples of atypical motions could have been perhaps misconstrued as 
essentially a fault within the study design of the VE, which might result if factors in the VR 
hardware or the VE resulted in confusion or misperception (e.g. that false visual cues 
calibration errors or lag issues, mislead the participants’ actions) the fact that most 
participants intercepted the target with near veridical precision or minimal correction suggests 
that this is less likely to be the case. These findings are perhaps more consistent with Cutting’s  
(1997)  assertions that different individuals assign different weightings to the visual cues they 
use to evaluate their spatial environment.  
The observations of motion behaviour suggest the majority of the participants in this study 
encountered sufficient cues to correctly determine the target object’s location. However, for 
some individuals, it appears that the visual cues they would normally attribute as the more 
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reliable in interpreting their spatial environment were either absent or relatively diminished 
resulting in uncertainty and misperception errors.   
3.4.4.3. Rigid systems in upper limb reaching behaviour. 
The early arm elevation with elbow extension observed could be seen as a way of reducing the 
variability in kinematic actions possible when approaching a target whose spatial 
determination is not certain. Maintaining much of the upper limb in a fixed and extended 
forward position (shoulder flexion) with elbow kept in extension position effectively converts 
the multi joint system of the upper limb into a rigid system reducing the fine coordination 
necessary. This behaviour retains greater control over the searching behaviour and removes 
ambiguity and the necessity for unintentional repetition of actions. However, this behaviour 
may also have implications for diminishing the maximal rotational ROM, as well as excess arm 
elevation and subsequent fatigue.  
This behaviour has been observed in individuals in novel situations or when learning new skills 
where the coordination of the multijoint systems to achieve the desired outcome has not yet 
been trained or made familiar and so neuromotor feedback pathways have not been fully 
established or reinforced to allow proficient performance (Bernstein, 1967; Vereijken, 
Emmerik, Whiting, & Newell, 1992). VR was novel to many of the participants yet not all 
adopted a rigid system strategy.  However, when considered with Cuttings (1997) assertion 
that individuals will apply different weightings to visual cues, then whilst some are presented 
with the cues that they would normally estimate spatial location with, for others, the novel 
and unfamiliar diminished visual cues of the target objects might be sufficient to provoke this 
response. This might provide a rationale as to why some individuals adopted rigid systems, if 
their perceptual confidence was compromised. 
A possible alternative rationale for this reduction of a multijoint dynamic system into a rigid 
system is observed in studies investigating the effect of fatigue in multijoint systems where 
once again intersegmental, reorganisation occurs to maintain the desired final outcome by 
utilising different muscle recruitment patterns and different temporal initiations of the 
sequences of combined movement elements (Côté, Hsieh, & Emery, 2011). This may result in 
slower or less powerful actions and also in atypical motion trajectories but the end goal is 
maintained albeit in a reduced form. This can result in the gradual conforming of a multijoint 
system into a rigid system to maintain control during execution of the action (Forestier & 
Nougier, 1998).  
Whilst physiologically maintaining this rigid system strategy for searching is less efficient and 
more burdensome than conventional reaching behaviour it is arguably more controlled, less 
strenuous and more efficient than repetitive searching, reaching and grasping to an 
indeterminate point in 3D space. However, the extreme arm elevation trajectory to above the 
target, adopted by some participants, does not yield such clear advantages and its intention is 
unclear. Perhaps with the fatigued or dysfunctional shoulder musculature, it has been easier to 
initiate a maximal but short duration contraction to elevate the arm utilising its own 
momentum to gain height, rather than sustained contractions with continuous adjustment, 
but this cannot be determined from this study. Regardless such a behaviour may only be 
effective in the short term as subsequent fatigue will adversely influence controlled motion 
(McQuade, Dawson, & Smidt, 1998) partially as a result of within-movement inter-segmental 
timing variations (Jason Fuller, Fung, & Côté, 2011). 
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These behaviours may result from the outlined factors or a combination of factors due to 
exposure to VR, the VE, or particular elements within it, or due the nature of the participant’s 
condition, and each of these warrant further investigation as their implications are important. 
Furthermore it as yet cannot be determined whether the effects would diminish on 
subsequent repeated exposure and familiarity with the VE or whether these factors would 
compromise this approach altogether and this also needs investigation. 
3.4.4.4. Searching Behaviour in Reach to Grasp Actions. 
An indicator for the source of one of the factors can be seen amongst those who adopted a 
rigid system, and those who did not but still showed other atypical behaviour. The majority of 
the atypical action behaviours indicating some issue with perceptual interpretation occurred in 
the latter stages of reaching e.g. the terminal grasping phase or the preceding deceleration 
phase. In this phase the searching patterns of behaviour emerged. Since movements prior to 
this are essentially smooth continuous motion paths (albeit atypical motion paths in some 
cases) this implies that there are notable deficits in visual cues, occurring in this final 
deceleration to contact and therefore these are most likely to be inherent properties of the 
target object (Section 4.3.).  
The second type of reaching behaviour (referred to as searching or “fishing”, see Figure 26, 
Figure 27, & Figure 28), exhibited by some participants, appears to be initiated as the hand 
approximates the target suggesting that the relative position and spatial orientation towards 
the target has been determined with a certain degree of confidence even if that confidence 
then subsequently appears misplaced and requires correction. In this regard it is possible that 
a deficit in the object’s own portrayed visual cues contributes to misperception of the final 
absolute location of the target in space and subsequently results in the lack of acquisition and 
possible frustration. Such cues, inherent in the object, typically involve lighting, shading, 
interreflections and shadows but also weaker cues such as motion parallax from edges on the 
object geometry.  
Such searching motions are inefficient and puts additional load on the shoulder, which could 
result in short term aggravation of the condition giving rise to an increase in pain and as such 
seems an unlikely behaviour to be adopted by those with pain and restriction without good 
reason. Furthermore, unless this behaviour can be mitigated or corrected it poses a potential 
confounder for further VR studies where pain (and its subsequent effect on ROM) are key 
outcomes in typical reaching tasks and indeed in this case may have adversely influenced pain 
scores during this study and might hint at why pain reduction is not consistent.  
In addition this behaviour could be deleterious in any therapeutic programme that might 
otherwise adopt such a rehabilitation strategy and therefore requires further investigation to 
reduce this issue before any further meaningful progress can be made in this direction. 
Therefore, consideration needs to be given to the components of VR and the properties of a 
VE in particular, which might influence behaviour in this manner. 
As indicated previously shoulder motion studies in VR are relatively limited and there is little to 
suggest that any comprehensive analysis of such reaching trajectory data has been undertaken 
in other studies in the literature, nor whether reaching patterns have been investigated for 
aberrant behaviour. 
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3.4.4.5. Alterations in movement behaviour as a conscious or subconscious response to 
goal orientated tasks and environments. 
Aberrant movement has been observed in the related area of immersive games where 
analogous activities do not always relate well to their intended real world simulation. Despite 
some claims in the literature modified movement and even atypical motion patterns would 
seem to be evident. In some cases movement may be subconsciously influenced by the 
environment (Pasch, et al., 2008; Powell, et al., 2006) and in other cases movement may be 
consciously altered to take advantage of mechanics of the game system (Pasch, et al., 2008). 
This has been an issue of contentious discussion with equipment such as the Nintendo Wii 
(Bee, 2007; Bonis, 2007; Cowley & Minnaar, 2008; Pasch, et al., 2008) where some users have 
discovered that sometimes in-game advantages can be achieved by adopting a simulacrum of 
the original intended action or by using aberrant actions that no longer relate to the real world 
action but instead are isolated around wrist actions with the interface or controller device. This 
can potentially result in atypical muscle loading and recruitment, which can lead to overuse, 
fatigue, pain and a propensity to injury among muscles that are not commonly employed in 
this manner (Sections 1.2.2. & 4.2.). 
Whether intentional or subconscious it cannot be assumed that an end user’s method of 
interaction will conform to the designer’s intention for interaction. Furthermore, subtle and 
even consciously imperceptible differences in the immersive simulation or VE may have 
profound influences on motion behaviour (Powell, Stevens, Hand, & Simmonds, 2008). Few 
assumptions then can be made with absolute assurance when it comes to movement 
behaviour within any given VE or even with any degree of consistency between VEs without 
first testing their respective elements.  
However, it should be remembered that many participants exhibited entirely normal reaching 
behaviour throughout until the terminal end phase (grasping). With this in mind it would 
appear that sufficient visual information is present for some participants to remain reasonably 
confident of the object’s position and not be unduly affected or confused by the visual stimuli, 
whilst others would appear to be entirely unsure, or rapidly lose confidence after their initial 
encounters. There are no overt indicators in the data collected to suggest why this is the case, 
given that they are all presented with the same VE and virtual objects, via the same VR system.  
Nevertheless based on the observations it could be consistent with individuals assigning 
different weightings to visual cues (Cutting, 1997; Hu, et al., 2000) and implies that for some 
individuals certain essential cues to determine an objects absolute position are absent, 
diminished or misleading due to limitations in their representation within the VEs context.  
If confidence can be restored, or at least improved, in the interpretation of an object’s 
absolute spatial location, it could be reasoned that much of the aberrant motion observed may 
well be ameliorated. For example surface motion parallax, typically considered a weak distance 
perception cue (Philbeck & Loomis, 1997) might possibly play a more important role where 
there is a potential deficit of other cues.  This cue is potentially easier to control as it is partially 
a product of the object’s geometry which can be defined and modelled beforehand and will be 
consistent. 
Therefore whilst the “VR Orchard” approach (Section 3.2.2.3.), may yet have some merit, in 
order for this method to have some validity across a given clinical population, a means of 
augmenting the visual cues of the target objects, and improving the participant’s confidence in 
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their spatial perception of the target object, needs to be identified so as to reduce the 
disparity between individuals and mitigate unnecessary or aberrant motion behaviour so that 
clinicians can implement an effective consistent strategy. 
3.5. Conclusions 
This is the first study looking at the influence of VR on pain and active ROM for rotation of the 
shoulder.  Whilst further work is needed with a larger population and some refinements to the 
study design, nevertheless the results suggest that VR has some effect on both perceived pain 
and active range of shoulder motion, indicating that it may have the potential to be used as a 
tool for shoulder rehabilitation. ROM exercise for chronic shoulder pain and restriction is an 
area of ongoing challenge for therapists, and the potential of VR to increase engagement and 
adherence to therapy, combined with the potential to increase ROM and reduce pain suggests 
that this may have significant therapeutic potential, and further study is recommended to 
further investigate these findings.  
This study also highlights the largely unreported searching behaviour seen at the later stages 
of the reaching task, and suggests that this may have a significant influence on task 
performance due to shoulder fatigue.  It is suggested that the visual properties of the target 
objects may not supply sufficient cues to support accurate object location in the virtual space. 
This is a significant concern if VR is to be used for reaching and grasping rehabilitation tasks 
and further investigation of the visual properties of virtual objects is needed, to enable 
reduction of this fatiguing behaviour and optimisation of VEs for shoulder rehabilitation. 
Therefore the next Chapter investigates this issue. 
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4. Motion Behaviours and Target Objects in VR.   
The implications of the atypical behaviours exhibited by some participants during the “VR 
Orchard” study (Section 3.4.4.) are important if confirmed. If this reaching behaviour was 
indeed adopted because of low spatial perception confidence, then this will need to be 
effectively addressed before VR can be effectively adopted as a rehabilitation modality, for the 
shoulder complex in the long term, otherwise it could be counterproductive to the perceived 
benefits of such a system.   
4.1. Perceptual spaces related to egocentric position within a VE. 
 
 
FIGURE 42: EXTRAPERSONAL SPACE, PERIPERSONAL SPACE, TERMINAL PHASE DISTANCE TO OBJECT 
The strategies used for distance estimation within VEs vary depending on a number of factors. 
Moreover, a notable shift in strategies can occur across the gradual transition between what is 
referred to as extrapersonal and peripersonal space (Armbruster, Wolter, Kuhlen, Spijkers, & 
Fimm, 2008). Furthermore, within the peripersonal space a further shift in strategies may 
occur in the terminal or deceleration phase prior to contact and grasping the object (Hu, 
Gooch, Creem-Regehr, & Thompson, 2002b) (Figure 42).  
Peripersonal space is defined as the action space or range within which individuals can 
manipulate objects, whereas extrapersonal space, which extends beyond the peripersonal 
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space, is defined as the portion of space relevant for locomotion and orienting (Couyoumdjian, 
Di Nocera, & Ferlazzo, 2003) (Figure 42). The initiation and acceleration phase of reaching 
occurs within this peripersonal space. The distance relating to the deceleration or terminal 
phase of reaching is generally regarded as the point at which the hand begins to decelerate 
during reaching and the hand shape and aperture size adjusts to the target object (Kuhlen, 
Steffan, Schmitt, & Dohle, 1998) (Figure 42). The potential for distance judgements in VR, to be 
misinterpreted varies across these regions. 
In the extrapersonal space, most of the normal strategies for distance estimation should still 
be viable assuming the virtual environment (VE) is rich with visual information. Although, 
whether the interpretation of those cues remains veridical within the actual distances of the 
normal physical environment (NPE) and the VE is another matter. Nevertheless, initial 
confidence in perception should remain acceptable unless or until shown to be fallible. 
However, a number of studies present VEs that are relatively sparse and limited in distance 
judgement enhancing cues, which may further diminish an individual’s distance estimation 
ability given other issues with virtual representations and distance perception. Regardless of 
this, depth perceptual issues within this region, would not normally be expected to affect the 
instigation and control of upper limb motion in reaching and grasping tasks. At this distance 
they merely allow appropriate orientation and approach to the target, which allows the user to 
approach freely and position themselves in an alignment and posture that is comfortable and 
favourable to their own normal reaching behaviour. 
In a study investigating distance estimation within these two perceptual regions, (Armbruster, 
et al., 2008), it was observed that distance estimation performance was better in peripersonal 
than in extrapersonal space. However, there was no action task involved as participants 
verbally reported on distance estimation, without the need for precision judgements involved 
in reaching and grasping. Whereas, the results of the “VR Orchard” study (Chapter 3) would 
suggest that whilst the general spatial location was well perceived the final adjustments to 
collocate target and hand for grasping were problematic for some individuals. 
Within the peripersonal space of a VE, whilst most of the general distance perception cues 
used within the extrapersonal space would still apply, more subtle cues may affect absolute 
distance estimation and these may become critical in the final micro-corrections to the 
deceleration to contact trajectory phase of reaching. Where such cues are absent or perceived 
as compromised by some individuals then other visual element characteristics may need to be 
recruited to calculate absolute spatial position.  
The border between the peripersonal space and the extrapersonal space may not be a distinct 
edge as such but more of a transitional boundary and certainly would vary upon an individual’s 
own perceived action space, which would be dependent on how far they could typically reach. 
Couyoumdjian et.al (2003) assumed an estimated boundary between these regions as lying at 
around 1 m from the observer.  
With regard to the peripersonal space, accommodation and convergence are both regarded as 
effective cues at distances under 2 metres particularly when they reinforce each other (Walter 
C. Gogel, 1961). In addition, binocular disparity as a cue to depth is also regarded as effective 
within these distances (Cutting, & Vishton, 1995). Furthermore, binocular disparity along with 
occlusion can provide information about relative depth. Moreover, when binocular disparity is 
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reinforced with convergence it can also provide absolute scale information. This might also be 
reinforced with familiarity with the size of the target object itself. 
Perhaps even more pertinent than the overall peripersonal region however, is the distance at 
which deceleration to contact occurs as this denotes responses to visual cues from the target’s 
relative position. During this phase of deceleration final corrective motions are made and hand 
aperture begins to decrease and adopt a hand shape to conform to the object to be grasped. 
Studies of motion in this deceleration to contact, observed that two common strategies 
emerged in this deceleration phase with some individuals initiating this deceleration at around 
15cm from the target, whilst others initiated deceleration at around 30cm from the target 
(Kuhlen, et al., 1998). It is within this space that the inherent visual cues of target objects may 
play their most significant role when attempting to determine its final absolute spatial location 
for grasping actions.  
4.2. Reaching behaviour within a VE. 
If the reduced visual cues present in the VE led some to lose confidence in the spatial location 
of their target objects and this resulted in aberrant and deleterious motion behaviour, then 
providing additional appropriate visual cues, or reducing cues that are confounding, should 
lead to better performance and less frustration and fatigue.   
Perhaps one of the reasons why these behaviours are not widely reported is that many upper 
limb studies in VR that investigate aspects such as movement, ROM, rehabilitation tasks, and 
spatial or distance estimation, do not necessarily include a final hand grasping interaction with 
the target object, where precision and control in the terminal phase of reaching are critical and 
where visual cues play an essential role. 
A number of studies for depth perception have used pointing at perceived target locations for 
kinematics or triangulation for distance or spatial estimation accuracy (Knaut, et al., 2009; 
Naceri, Chellali, & Hoinville, 2011; Priot, Laboissière, Sillan, Roumes, & Prablanc, 2010). 
However, if the participant was in error with regard to their spatial perception of the target 
there was often no immediate feedback, and therefore no reason for the participant to doubt 
themself, or the VE. However, with reaching and grasping tasks small errors in target spatial 
perception may manifest themselves with immediate feedback as the failure to grasp the 
object, which may rapidly lead to a loss of confidence in their perception and interpretation of 
the visual cues within the VE.  
Similarly interception tasks within VR (Sveistrup et al., 2004; Weiss, Rand, Katz, & Kizony, 2004) 
readily accommodate small errors in spatial perception as precise interpretation is not 
necessary, so long as hand remains in the path of the object until contact, or the object hits 
some part of the hand, then a successful interception has occurred regardless of any minor 
perceptual mismatch. More importantly the perceived intent of the user attempting to 
complete the task is one where contact by any means is good and therefore waving hands to 
increase the potential for contact can be seen as an acceptable strategy from the outset rather 
than one that occurs from frustration.  
However, grasping tasks have a greater requirement for accurate spatial interpretation of 
visual cues, and therefore require a greater emphasis on reproducing cues that are veridical in 
their representation. Nevertheless they reflect a more fundamental need in rehabilitation 
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compared to pointing or interception actions, which play a relatively minor role in activities for 
daily living ADL. Until the deficits in visual cues are compensated for, then, whilst some 
perform the task as intended, others who could not accurately perceive the target location 
were left with little recourse but to reinterpret their task as an interception task. 
Assumptions based on the conclusions of Viau et.al  (2004) and similar work, that movement in 
VR, is comparable to the real world, allowing rehabilitation tasks to be valid and transferable, 
may yet require some caveats to this endorsement. Few VR studies directly compare motion 
trajectories looking for atypical reaching behaviour. Where motion comparisons have been 
made between real world and VR and other computer mediated environments, atypical arm 
motion behaviours, are evident, (Levin, et al., 2009; Magdalon, et al., 2008; Magdalon, et al., 
2011; Pasch, et al., 2008; Viau, et al., 2004). Furthermore, such comparisons have revealed 
findings that are consistent with the observations in the first study and yet have largely been 
overlooked or considered as less significant. In light of observations from the first study 
coupled with identified patterns in the literature it would be reasonable to suggest these 
assumptions need revisiting and further investigation.  
Viau et.al.  (2004) in an often cited study, with 8 healthy individuals and 7 stroke survivors, 
compared motion patterns for reaching and grasping in both NPEs and VR and similarly 
concluded that movement strategies adopted in both NPEs and VEs were similar enough to 
allow VR to be a valid environment for rehabilitation. However, the participants were seated 
throughout which would limit normal upper limb motion and associated torso involvement 
during reaching tasks (Levin, 2009; Rossi, et al., 2002) and would restrict overall motion 
compared to free walking VR environments. Moreover, they also acknowledged that both 
groups of participants used less wrist extension and more elbow extension in the VE compared 
to the NPE and suggested that the movements made in VR might have been influenced by 
differences in spatial perception of the target location and the absence of haptic feedback. The 
excessive elbow extension appears to have been attributed to spatial perception issues with 
VR and this would seem consistent with observations in the “VR Orchard” study. It is 
interesting to note that, as with many VR studies, the target objects utilised in this study are 
also spheres. Perhaps the most critical issue with this study when relating its conclusions to 
other VR rehabilitation studies is that it is mediated through a 2D VE on a computer monitor 
with an effectively limited FOV. 
Levin et.al. (2009), is also often cited, and reports on a joint study (Knaut, et al., 2009) with 12 
healthy participants and 15 post stroke patients concluded that there were very few 
differences in movement kinematics for healthy participants between those in a normal 
physical environment and those in a VE. Stating that overall, there were no differences in 
elbow and shoulder ranges of motion or interjoint coordination for movements made in both 
environments by either group. The results of this study suggested that pointing movements in 
VEs were sufficiently similar to those made in physical environments so that 3D VEs could be 
considered as valid training environments for upper limb movements. This is a key finding that 
has informed a number of VR studies for physical rehabilitation. Nevertheless they also 
observed that healthy participants, made movements faster, pointed to contralateral targets 
more accurately, and made straighter endpoint paths in the NPE compared to those in the VE. 
This is not entirely congruent with the conclusion reached but is considered relatively minor to 
the main findings and is justified in a broader sense. The targets used were smooth buttons in 
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two rows on a wall, which, from imagery, would appear to have minimal depth cues and may 
be a contributing factor to this discrepancy (Figure 43).  
 
FIGURE 43: DEPICTION OF LIFT BUTTONS IN VE WITHIN MINIMAL DEPTH CUES EVIDENT (SUBRAMANIAN & LEVIN, 2011) 
They themselves note that small disparities in movement characteristics were likely a result of 
differences in perception of the location of the target in space, and that this might also be 
responsible for slower and less accurate movements. The task itself involves pointing rather 
than the more complex and precisely controlled grasping interaction involved in many upper 
limb tasks in ADL. Once again the participants are seated throughout.  
Magdalon et.al. (2008) in a study with 12 adults with chronic stroke-related hemiparesis, 
compared reaching and grasping kinematics towards three different objects, in a normal 
physical environment and a similar VE. The 3D VE was displayed via a head mounted display 
(HMD). Three target objects were used that required different grasp types; a can, that required 
a spherical grasp; a screwdriver, requiring a power grasp; and a pen, requiring a precision 
finger-thumb grasp. Their observations also highlighted significant differences in motion 
patterns between the two environments. Once again movement endpoint trajectories were 
more curved in the VE. Moreover, they observed that overall participants used more elbow 
extension and shoulder horizontal adduction in the VE compared to the NPE, consistent with 
other studies. In addition, reaching in the VE took around 35% longer compared to the NPE. 
Effectively, reaching and grasping movements that were accomplished in around 1.5 seconds 
in the NPE, took up to 2.2 seconds in the VE. The increase in movement time was evident in 
each of the stages of reaching and grasping. Intriguingly they also observe that this effect was 
especially true for the cylindrical and precision grasps.   
A follow up study (Magdalon, et al., 2011) with 10 healthy volunteers observed that in the VE 
compared to NPE, movements were slower and had longer deceleration times, elbow 
extension was greater when reaching to the smallest objects, and hand grasp apertures were 
wider for the power and precision grip tasks. This increased elbow extension is again 
consistent with the rigid system idea (and the observations in Section 3.4.4.). The observed 
longer deceleration times are interesting in light of this study actually including the reach to 
grasp element, and could be potentially construed as uncertainty as to the final spatial position 
of the target, allowing the deceleration phase to be extended, to allow for corrections to the 
kinematics on final approach to contact. The discrepancies between motions in the VE as 
opposed to the NPE highlighted here can be considered as those arising from the VE itself. 
Notably this is one of the few studies to differentiate between altered motion patterns due to 
the encumbrance and proprioceptive awareness of the worn interface devices (e.g. haptic 
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gloves, motion tracking equipment) and those resulting from the VE itself. Overall, the 
differences in spatial and temporal kinematics of movements between NPE and VE were 
greater than those due only to wearing the cyberglove system. They further conclude that 
differences in movement kinematics were most likely due the restricted field-of-view when 
wearing the head-mounted display, the lack of prior experience with the VE, and an 
uncertainty of object location.  
Each of the studies comparing movement in NPE and VEs, reveal some differences between 
the two conditions (Knaut, et al., 2009; Magdalon, et al., 2008; Magdalon, et al., 2011; Viau, et 
al., 2004). Some commonalities in the atypical motion patterns observed in the study in 
Chapter 3 are also evident (Knaut, et al., 2009; Magdalon, et al., 2008; Magdalon, et al., 2011; 
Viau, et al., 2004). Where differences in movement in NPEs and VEs are noted, the possible 
explanations given often include issues with spatial perception of the target object (Knaut, et 
al., 2009; Magdalon, et al., 2008; Magdalon, et al., 2011; Viau, et al., 2004). In addition some 
of the studies indicate behaviours that are likely to implicate properties of the target object 
itself and even demonstrate differences in behaviour between objects with different 
characteristics (Magdalon, et al., 2008; Magdalon, et al., 2011). This latter point is compelling 
as it suggests that the visual representation and properties of target objects within the VE and 
the visual cues they convey to the user might be responsible for altering motion patterns. This 
has significant implications for rehabilitation or neuropsychological tasks in VR that involve 
reach to grasp actions, and suggests the need to establish its potential effects and how to 
ameliorate them. It also raises the question of whether object properties could be optimized 
to given tasks and furthermore whether their properties could be manipulated to influence 
motion behaviours to further enhance rehabilitation. 
4.3. The role and influence of target object characteristics on spatial 
perception and reaching behaviour. 
Two main approaches appear to emerge in generating targets for reaching grasping or point 
intercept tasks In VR for upper limb tasks. Whilst other approaches have been employed, 
arguably the most popular are either to utilise simple spherical objects (Eng, et al., 2007; 
Kizony, et al., 2003; Rand, Kizony, & Weiss, 2008; Sveistrup, et al., 2003; Sveistrup, et al., 2004; 
Ustinova, et al., 2011; Viau, et al., 2004) or modelled and rendered objects with ecological 
validity to the task that aspire to photorealism (Barnabás, 2006; Subramanian et al., 2007).   
Where photorealism is employed, it is easy to adopt the instinctive belief that the more 
realistic it is the “better” and more desirable it is, however, from a clinical perspective, with 
practical considerations for its implementation, this is not always the case. There is 
nonetheless a coherent rationale that this realism will aid immersion, engagement (Kauffman 
et al., 2008; Subramanian, et al., 2007) and ecological validity, by giving relatable tasks to real 
world settings. This realism in turn should allow familiarity and knowledge of the object itself, 
in the real world, to convey a sense of scale, perspective and distance (Goldstein, 2002), along 
with inherent narrative and affordance. This in turn should lend itself to transferable activity. 
However, few therapeutic regimens demand this level of specificity. Whilst there are 
circumstances in neurorehabilitation, neuropsychological dysfunction, traumatic brain injury 
(TBI), and applications for psychology, particularly post traumatic stress disorder (PTSD) where 
detailed reconstruction of an environment has clear therapeutic benefits, the demands of 
physical or motor rehabilitation are rarely so exacting.  
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Some circumstances have warranted such an approach, with VEs that recreate street crossings, 
specific work environments, and even shopping malls and kitchens. Nevertheless unless a 
generic environment is created to present common issues for ADL, e.g. a street crossing 
(Boian, Burdea, Deutsch, & Winter, 2004) then to create bespoke, or modular environments, 
for each scenario or physical environment, requires a significant investment of man-hours and 
resources and is not a small undertaking. There is a considerably higher workload in modelling 
and animating for such representations in photorealistic VEs, with texturing, lighting, shadows, 
interreflections, material properties and object physics rendered and programmed to a 
credible degree of accuracy, compared to simpler rehabilitation environments with geometric 
shapes.  
This high level of real time representation comes at a considerable computational load and 
financial cost and few if any systems can faithfully execute all the demands implied for real 
time photorealism without latency or other issues (Dammertz, Keller, & Lensch, 2010; 
Debattista, Dubla, Banterle, Santos, & Chalmers, 2009). This also further removes the creation 
of an appropriate VR rehabilitation strategy beyond skillsets that could be readily employed by 
previously inexperienced clinicians and further into the realm of software specialists. 
Clinical applications in VR for physical rehabilitation have demonstrated that environments 
and objects approaching photorealism are not required to achieve clinical benefits and 
therefore it is arguable as to what benefits such systems bring compared to their financial 
costs and implementation burdens (again, this is not necessarily the case in other clinical uses 
in VR, such as psychology and PTSD). 
Alternatively then, simple spheres are commonly used for a number of reasons in physical 
rehabilitation studies. They are simple to create and render, as most software packages 
employed in generating VR models can readily create spheres and often as premade shapes, 
requiring minimal software or modelling skills. Furthermore, they naturally lend themselves to 
narratives to support the action task, as they readily translate into balls (Figure 44) which are 
common to various sports to give affordance for grasping, catching, intercepting, hitting, or 
dodging tasks, or alternatively as certain fruits, bubbles or similar for pointing, bursting tasks 
(Armbruster, et al., 2008; Kizony, et al., 2003; Loomis & Knapp, 2003; Ustinova, et al., 2011; 
Viau, et al., 2004). They have also been used as targets for investigating depth estimation in VR 
(Armbruster et al., 2005). 
     
FIGURE 44: SPHERES USED FOR GAMEPLAY IN VR.  A) GESTURETEK, BIRDS & BALLS. B) GESTURETEK, SOCCER (YALON-
CHAMOVITZ & WEISS, 2008) 
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In their simplicity it is also easy to assume that they have low confounder potential for 
research studies compared to more complex objects with real world associations, familiarity 
and inherent affordance. However it may be these missing characteristics that reduce 
ecological validity and also lack the inherent depth cues that those characteristics often 
convey. Thus they may present some issues for action tasks that are concerned with precise 
controlled, coordinated, movements or those that require accurate distance estimation. 
A  B  
C   D  
E   F  
FIGURE 45: EXAMPLES OF STUDIES USING VISUALLY HOMOGENOUS SPHERES AS TARGET OBJECTS: A) WEISS, ET AL. Courtesy of 
GESTURETEK, 2004.  B) ALGHAMDI, HORMANN, REGENBRECHT, 2012.  C) CAMEIRÃO, BADIA, OLLER, & VERSCHURE, 2010. D) 
VIAU, FELDMAN, MCFADYEN, & LEVIN, 2004. E) ENG ET AL, 2007. F) USTINOVA ET AL., 2011. 
Often spheres are rendered with a uniform surface appearance, (Figure 45) thereby 
inadvertently giving a target object that presents identical visual information to the user from 
all viewing angles (Figure 47).  
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Other objects, with rotational symmetry around a vertical axis, have also been used in VR. 
These along with spheres, similarly present identical visual information from different laterally 
displaced or rotational angles from a limited viewing perspective. These can include bottles, 
cans (Magdalon, et al., 2008) smooth cylindrical columns (Powell, et al., 2006) vases, cones, 
balloons, flat 2D plane surfaces, or target discs, for example (Figure 46).  
     
FIGURE 46: EXAMPLES OF VR OBJECTS WITH ROTATIONAL SYMMETRY. A) TRIESCH, BALLARD, HAYHOE, & SULLIVAN, 2003).  B) 
(GOURLAY, LUN, & LIYA, 2000). 
Such objects can appear effectively flat as the same retinal image is presented from different 
viewing angles, assuming the viewing angle below (or above) the horizon does not significantly 
alter, (whereupon other object faces from its geometry may become apparent). Whilst such a 
criterion may seem prescriptive it is perhaps not uncommon that the viewing height remains 
relatively stable particularly when the participant is seated as they are in some VR studies. 
Thus, fixed observer egocentric position, limited FOV in HMDs and studies that restrict head 
motion may all contribute to this issue in certain circumstances. 
Such visually homogenous objects (Figure 47) may possess relatively reduced perceptual cues 
for absolute spatial location, particularly for the corrective trajectories occurring in the 
deceleration to terminal grasping phase of reaching to contact. With no surface markings, 
features or moving edges to use as reference points on the target object, subsequent altered 
viewing angles, which often occur naturally during normal motion and anticipatory postural 
adjustments  (APA), (Nana-Ibrahim, Vieilledent, Leroyer, Viale, & Zattara, 2008) present no 
determinable changes in the object’s observable characteristics. Thus distance judgements 
based upon triangulation of points using intra object landmarks for surface motion parallax, 
and occlusion or dissocclusion of surface and edge geometry, will be absent. Whilst this is not 
traditionally regarded as a strong distance cue, in humans, in the absence, diminishment or 
misrepresentation of other normally stronger cues within a VE then perhaps for some this may 
yet play a role in contributing to the final determination of spatial location and the 
coordination of grasping. 
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FIGURE 47: CYCLOPEAN EYE VIEW OF A SPHERE FROM TWO DIFFERENT VIEWPOINTS WITH LATERAL DISPLACEMENT  -  NOTE 
THE ALMOST IDENTICAL APPEARANCE OF THE VIEWABLE SURFACE AND EDGES. 
   
FIGURE 48: CYCLOPEAN EYE VIEW OF AN ICOSOHEDRON FROM TWO DIFFERENT VIEWPOINTS WITH LATERAL DISPLACEMENT -        
NOTE THE CHANGE IN POSITION OF THE VIEWABLE EDGES AND VERTICES. 
The addition of non uniform materials on the spheres, such as the black and white truncated 
icosahedron pattern seen on some footballs might help ameliorate this issue, however, the 
edges of the physical shape would still remain identical from different viewing positions (i.e. a 
circle). Providing a greater number of faces and edge angles, such as in the geometric shape of 
an icosahedron may further enhance visual cues of spatial and depth perception to a user who 
has freedom in their head movement and viewing angles (Figure 48). In this instance small 
movements in the viewing angle provide clear changes in the visual cues conveyed to the 
observer. Surface motion parallax is provided by changes in shadow and illumination across 
adjacent faces as well as the shifting position and relative angle of vertices and edges. This can 
be further enhanced by the addition of a non uniform texture, but even with just the geometry 
only, the effect is evident. These then, can be used to triangulate, with the inherent 
proprioceptive precision of concomitant head motion, in order to calculate precise distance. 
Further cues are provided by the occlusion of features and surfaces along one edge and the 
dissoclusion of the respective features and surfaces on the contralateral edge with associated 
head motion (Figure 48). 
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With regard to a sphere, or an object with a smooth uniform surface with rotational symmetry, 
up until the point of contact little about the inherent object’s visual cues, conveyed to the 
user, appear to change except for the size of the object on the retina and even this becomes 
relatively stable as the head and trunk cease their forward motion at the terminal phase of 
grasping, which is achieved almost entirely from motion in the multijoint system of the upper 
limb.  
In addition, in this overall context of object cues for distance estimation, it should be noted 
that target object colour has also been identified as a cue influencing the perception of target 
distance (Gentilucci, Benuzzi, Bertolani, & Gangitano, 2001). Although, the range of colours 
investigated is incomplete and further work would be recommended to reliably inform future 
VR development. The effects of red and green have been established, with a general trend to 
overestimate distances to red targets and underestimate distances to green targets. However, 
whilst informative this does not establish a colour that would provide accurate distance 
estimation nor where other colours might fit within this range. This does however provide 
some options to manipulate distance estimations which may yet be of value. In addition if the 
initiation and execution of movement sequences is largely pre planned before actual 
movement occurs, and this is based upon the spatial perception of the task involved, then the 
influence of the colour of the target object on other aspects of movement, such as the 
shoulder rotational elements of the task, remain uncertain and would require further 
investigation (Section 7.4). In the absence of an identified colour that provides appropriate 
perceptual distance, any study involving reaching and grasping and distance perception must 
take an appropriate account of the potential effects of colours.  
The only other visual cues that are likely to alter across a sphere just prior to contact are 
changes in interreflections and soft shadows caused by the approaching hand, which can 
present a significant amount of spatial information when evident and accurate within a VE.  
Interreflection is a process whereby light reflected from an object strikes other objects in the 
surrounding area, illuminating them in turn. In real life this natural phenomenon can 
contribute to the perception of approximating surface distance when determining the final 
stages of approaching contact in grasping actions. In computer real time rendering this means 
ongoing calculations to allow reciprocal reflection between two reflecting surfaces and may be 
problematic. This is further complicated as objects approximating one another will also cast 
shadows reducing the overall illumination of each surface although not necessarily in a 
uniform manner. Diffuse interreflection specifically describes light reflected from objects 
which are not shiny or specular. In the real world this can include light which is reflected off 
non-shiny surfaces to reach areas not directly in view of a light source. This could include, in a 
grasping task, light reflecting from the skin of the grasping hand and the surface of an apple. If 
the diffuse surface is coloured, the reflected light is also coloured, resulting in similar 
coloration contributions to surrounding objects. 
In a similar manner soft shadows resulting from occlusion of light sources, including reflected 
light from the environment and closely approximating objects can also deliver important 
spatial visual cues prior to contact. In a study to investigate the relative importance of these 
cues in determining spatial relationships (Madison, et al., 2001) it was concluded that both 
shadows and interreflections individually provided strong perceptual cues as to spatial layout 
and object surface contact but the greatest sensitivity for visual spatial perception occurred 
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when they were used in combination. Furthermore, when determining the accurate 
perception of distance between two object surfaces shadows and interreflections were found 
to be significant cues (Hu, et al., 2002). In addition, stereoscopic viewing and shadows were 
both shown to have a significant effect on performance when judging movement to contact, 
when placing a virtual object on a virtual surface without haptic feedback (Hu, et al., 2000). 
In 3D computer graphics, diffuse interreflection is an important component of global 
illumination. There are a number of ways to model diffuse interreflection when rendering a 
scene and radiosity and photon mapping are two commonly used methods. These methods 
remain computationally demanding however, (Dammertz, et al., 2010; Debattista, et al., 2009; 
Lo, Chu, Debattista, & Chalmers, 2010; Reinhard, 1996; Reinhard, Chalmers, & Jansen, 2000). 
Even in prescribed animations applying them to real time rendering is often not viable for most 
systems. Coupling them with VR interactivity with its own issues in representing global 
illumination makes this approach unrealistic for all but the most specialised systems. New 
approaches are being developed however, (Dammertz, et al., 2010; S. Li et al., 2006; Lo, et al., 
2010) and in the future this level of augmentation in VR may make significant contributions to 
both immersion and accurate spatial perception. As yet apart from a few notable studies that 
intentionally attempted to investigate technical approaches to aid perception of the proximity 
of objects  (Hu, et al., 2000; Hu, et al., 2002; Madison, et al., 2001) these are rarely rendered in 
VR action tasks for physical rehabilitation, and are computationally demanding to deliver with 
veridicity for real time interaction in any extensive VE. For many VR rehabilitation or exercise 
applications their relative importance in the appropriate action task must be weighed against 
the resources required. For non photorealistic environments other visual cues or prompts may 
need to be used instead, and may even be more effective. 
Another cue is the relative brightness of the object in its surrounding environment. This is 
known to be a useful distance cue in some circumstances (Drascic & Milgram, 1996a; Witmer 
& Kline, 1998), although is thought to be a relatively weak cue, particularly as distance 
increases. However, as this investigation is concerned with relatively short distances this may 
be worth consideration. Generally objects further from a source of light appear darker or 
duller than those closer to it, in accordance with the inverse square law. In addition, objects 
that are in not in a direct evident light source will often be assumed to be illuminated from 
overhead and in this case the amount of light reflected from the object or respective surfaces 
on the object can convey information about relative distance. Therefore an object cast in 
shadow can look smaller and further away, while an object in bright light will look larger and 
closer. Furthermore, the sharpness and quality of the rendered image may provide inadvertent 
distance cues. In the real world the aerial perspective effect observes that objects having sharp 
and clear images appear nearer than blurry or unclear images. In the real world this is due to 
light being scattered or absorbed over distances by water vapour or dust in the atmosphere 
and is effective only over large distances. In a VE, issues with graphics quality, calibration or 
viewing medium may unfortunately create such an effect (Drascic & Milgram, 1996a) although 
the effect of graphics quality appear to be contentious for distance judgements under different 
circumstances (Kunz, Wouters, Smith, Thompson, & Creem-Regehr, 2009; William B. 
Thompson, et al., 2004).  
An alternative approach, based on the concept of brightness, is sometimes seen in video 
games where interactive objects are given artificial, exaggerated, brightness as a proximity cue 
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to indicate priority or interactivity (Onyett & Butts, 2008). Although not a true spatial 
perception cue it could serve as a proxy indicator for closeness in the absence of more 
veridical cues.  
It is evident that a combination of factors may well influence perception of the absolute spatial 
location of target objects in a VE. Some of these can be accounted for with thorough 
calibration as far as the viewing system technology allows. Others, such as interreflections and 
shadows may be prohibitive in their demands and not readily implemented in a wider general 
VR rehabilitation context. Yet others can be easily controlled and measured and yet have 
largely been overlooked as a strategy to facilitate reaching and grasping in VR. In this regard it 
is expedient to explore some of the simple characteristics of target objects in a VE such as 
geometry and brightness to observe their effect on motion behaviours during reaching and 
grasping action tasks. 
The potential to manipulate a target object’s simple characteristics in a VE to influence motion 
behaviour warrants further investigation both for VR based tasks in general and certainly for 
those physical rehabilitation tasks that might benefit from VR intervention in upper limb 
movement recovery.  
An empirical study designed to investigate the effect of visual characteristics of target objects 
on reaching behavior will attempt to address this issue (Chapter 5). 
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5. The influence of visual characteristics of target objects in 
Virtual Reality on upper limb reaching behaviour 
5.1. Introduction 
 
Spatial and distance perception issues in VR may adversely affect the ability for users to 
confidently determine the motions necessary to collocate the hand and virtual target objects 
in order to successfully complete reaching and grasping actions. Locating objects in virtual 
space is not the same as locating them in real space, and abnormal reaching behaviour has 
been noted during object acquisition tasks (Sections 3.4.4. & 4.2.).  The visual properties of a 
virtual object may affect the perception of its spatial location, and hence the ability to 
accurately locate the object in the virtual space (Section 4.3.), but in the various studies in the 
literature the type of virtual target objects used for reaching tasks varies widely, and there has 
been little work exploring the effect of the visual characteristics of these different objects on 
target acquisition time or reaching behaviour.  
If altering the visual properties of an object can improve the ability to locate the object in 
virtual space then this may improve task performance and improve the rehabilitation 
outcomes. Therefore it is important to establish which visual properties affect the time taken 
to locate the object in virtual space in order to inform better design of a virtual environment 
(VE) for upper limb rehabilitation.  
5.1.1. Visual Cues and target objects 
Visual compression of distances in VR is a well documented issue (Armbruster, et al., 2008; 
Frenz, et al., 2007) (Section 2.3.) and this can influence the user’s ability to accurately locate 
and reach an object in virtual space. Whilst some evidence suggests that practice and training 
can afford some adaption to this distance compression (Jones, Swan, Singh, Franck, & Ellis, 
2009), nevertheless it is a potential source of frustration and difficulty, which may add to the 
physical and cognitive load when using VR for physical rehabilitation. Thus, to facilitate the 
creation of ecologically valid and task-relevant virtual rehabilitation environments, it is 
important to understand whether and how the visual properties of an object affect the ability 
to locate it in virtual space, and how this can be used to facilitate upper limb rehabilitation. 
From a clinical practitioner's perspective, the ability to motivate patients to reach with their 
arms and hands, and intercept to a predetermined point in space has notable rehabilitation 
value.  
In order to achieve this, a number of studies have used spheres as target objects in reaching 
tasks in the evaluation of the potential for VR in a rehabilitation context (Armbruster, et al., 
2005; Armbruster, et al., 2008; Kizony, et al., 2003; Loomis & Knapp, 2003; Viau, et al., 2004). 
However, they have not as yet been evaluated as effective targets.  
An alternative approach that some VR applications often find appealing is to render 3D images 
as realistically as possible to enable knowledge of the object itself, in the real world, to convey 
a sense of perspective and distance (Goldstein, 2002) and to enhance the immersion or sense 
of presence (Kauffman, et al., 2008; Subramanian, et al., 2007). It remains unclear however 
what impact these approaches have on the user’s perception of target location and distance to 
interception.  
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It would appear then that target objects have not been sufficiently assessed for their impact 
on performance in reaching and grasping tasks for VR based action tasks. This has implications 
for the implementation of rehabilitation tasks, that involve reaching and grasping, as well as 
neuropsychology studies that investigate spatial perception. This is an area of research that 
has not received sufficient investigation when considering the effect of the inherent properties 
of target objects and their visual cues within VR based tasks and potentially relates to all object 
visual properties. To determine whether this line of research is indeed valid it would seem 
reasonable to start with evaluating commonly used target objects alongside objects with 
alternative geometries.  
Object brightness may also contribute spatial information although it is considered a weak 
distance estimation cue at greater distances (Drascic & Milgram, 1996a). Its role at short 
distances such as those in the terminal phase of reaching do not appear to have been 
evaluated and whilst its effect might be weak it may yet have a role in providing cues to 
increasing proximity. A few studies have attempted technical approaches to aid perception of 
proximity to target involving real time rendering of reflections, interreflection, shadows, 
brightness and shading (Gentilucci, et al., 2001; Hu, et al., 2000; Madison, et al., 2001) but 
these can be computationally intensive and can compromise real time rendering as well as 
having technical and financial considerations for wider implementation (Section 4.3.). 
However, interactive objects in video gameplay have sometimes been “announced” to the 
player by highlighting them when the individual is in close proximity (Onyett & Butts, 2008). 
These exaggerated cues might also serve as a means of indicating target object proximity, and 
should be an intuitive cue for gamers. However, they may also run the risk of reducing 
immersion, particularly for those unused to such an approach. Furthermore, whilst it may 
guide the user as to their relative proximity to the object in the terminal reaching phase, it will 
obviously not simulate reality in terms of it natural brightness and hence will not aid in the 
general location of the object and might be confusing for those who rely on the graphic 
representation relating closely to reality. As this does not appear to have been evaluated 
previously, and whilst the effects of alternative visual distance cues on the final spatial 
determination of target objects for reaching and grasping are being explored, then this would 
seem a suitable opportunity to evaluate these potentially conflicting effects on reach to grasp 
performance and spatial determination. 
Therefore this study sets out to investigate whether the geometry and brightness of a target 
object can affect the time to target during the terminal phase of reach to grasp tasks. 
5.2. Method 
5.2.1. Design 
Previous studies have indicated that, whilst users can locate the general position of a virtual 
object in peri-personal space (Armbruster, et al., 2008), they may have issue with spatial 
perception within a VE (Sections 2.3., 4.2. & 4.3.). This may become more pronounced when 
making the final corrective motions to hand trajectory when ascertaining the precise location 
of the object in the terminal or deceleration phase for reaching and grasping (Hu, et al., 2002; 
Kuhlen, et al., 1998; Madison, et al., 2001; Magdalon, et al., 2011) which would also seem to 
be the case in the searching patterns evident in the study in Chapter 3 (Sections 3.4.4., 4.1., 
4.2. &  4.3.). 
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The context of this investigation was to evaluate the manipulation of visual cues on loiter time 
in a shoulder rehabilitation task. The independent variables would be the effect of changing 
object brightness on hand proximity, and the effect of the target objects geometry itself, using 
for examples: commonly used spheres, modelled apples and basic icosahedrons.  
If the inherent visual cues of the target object were to influence the perception of the final 
spatial determination of that object, it would be reasonable to expect this to be most evident 
in the deceleration phase of reaching and grasping actions. Therefore based on the 
observations of Kuhlen, et al., (1998) the “loiter time” taken from object to hand proximity 
(30cm), for the beginning of the deceleration phase, to object acquisition is the primary 
dependent variable used in this study. 
This study sets out to investigate the following hypotheses: 
Hypothesis 1: Time-to-target in the terminal phase of reaching will be lower when the target 
object has more intra object surface motion parallax cues. 
Hypothesis 2: Time-to-target will be lower when the object becomes brighter on proximity. 
Hypothesis 3: Changing the intra object surface motion parallax cues on proximity will affect 
the time-to-target compared to keeping the geometry consistent throughout the reaching 
task. 
Due to the variability between participants evident in the first study it is necessary to consider 
how the conditions affect each individual. Therefore, the experiment was implemented as a 
repeated measures, within-subjects design.  
The independent variables were: Object shape with varied intra object parallax cues (3 levels) 
(represented by models of asymmetric apples, spheres, and icosahedrons); Brightness changes 
(2 levels) represented by constant brightness, or increasing brightness with hand proximity; 
Object swap on proximity (2 levels) represented by the narrative asymmetric apple changing to 
one of the alternative objects on proximity (Table 8).  Time in milliseconds from object 
proximity to object acquisition was the dependant variable. 
TABLE 8: THE EXPERIMENTAL CONDITIONS FOR STUDY 2 
 Apple Sphere Polyhedron 
Consistent Geometry without change Condition A Condition B Condition  C 
apple replaced by second object on proximity n/a Condition D Condition E 
Increased brightness on proximity Condition F Condition G Condition H 
 
For conditions A, B and C the object remained visually constant throughout the trial. For 
conditions D to H the object changed on proximity (30cm from contact) (Table 9).  
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TABLE 9: OBJECT BEHAVIOUR ON PROXIMITY FOR EACH CONDITION 
Condition Initial object Change on proximity (30cm) 
A Apple No change 
B Sphere No change 
C Icosahedron No change 
D Apple Change to Sphere 
E Apple Change to Icosahedron 
F Apple Increasing brightness 
G Sphere Increasing brightness 
H Icosahedron Increasing brightness 
 
5.2.2. Apparatus 
In many respects the apparatus for this study retains many of the features of the earlier study 
(Section 3.2.2) with a few changes in its application and in the environment and protocol which 
are discussed in the relevant sections. 
The VE was again created in 3D Studio Max and rendered into an interactive format using 
Open Scene Graph. Eleven virtual objects were used in the experiment, but only one 
demonstration object was visible at the start of each trial, the rest were not visible to the user 
until needed (Section 5.2.5.) and for this study they were then presented to the user one at a 
time following each “drop” into a basket.   
Although the previous study (Section 3.2.) used both mono and stereoscopic projection, it was 
largely concerned with the immersive effects of VR on pain perception and action tasks 
including those outside of the line of sight. This study however, is primarily concerned with 
motion and spatial perception within a VE, and depth judgements  in VR are more accurate 
using binocular disparity than monocular cues alone (F. H. Durgin, et al., 1995) therefore a 
stereoscopically projected VE is more appropriate for this study. 
The virtual camera was set to match the starting position of the participant, with a field of view 
of 100o and a starting height of 1.6m above the ground plane. After user calibration (Sections 
5.2.5. & 3.2.2.4.), the camera was dynamically linked to the user’s head position. The 
stereoscopic scene was rear projected onto a 4.5m x 2m display screen using a pair of Christie 
7700 Lumen projectors with polarising filters. To minimise visual distraction, the room was 
darkened for the experiment, with the main light source being the display screen itself. The 
camera tracking algorithm used in Chapter 3 (Section 3.2.2.4.) was well tolerated by all users, 
and so this study also used the eye-to-hand vector to orient the virtual camera. 
Magnetic tracking sensors (Ascension technologies flock of birds) were placed on the antero-
lateral margin of the acromion process of the scapula, and on Lister’s tubercle of the radius for 
the wrist (Figure 6 & Figure 7). The x, y and z positions of these markers was recorded to a 
computer file at around 15 times per second, at a resolution of <1mm.  
During the movement analysis in chapter 3 it was established that the shoulder and hand 
markers enabled the interactive system to function and provided sufficient data to evaluate 
both shoulder rotation (using the proxy measure) and reaching trajectories (hand movement 
relative to shoulder position). In addition, this study was primarily concerned with the duration 
that the hand was in close approximation to the target before finally grasping it and therefore 
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the elbow marker was considered unnecessary. Therefore for this study only the shoulder and 
hand markers were used. This further reduced any potential interference with patient motion 
due to marker placement, whilst still providing sufficient data for the proposed analysis.  
The virtual representation of the hand was rendered in scene in this study to facilitate 
navigation and distance estimation for grasping. The hand was equipped with both left and 
right hand representations to facilitate more natural mapping with the user’s own dominant 
hand. The virtual hand was dynamically linked to the movement of the participant’s hand. Its 
relative motion was taken from the sensor on the wrist. The same sensor arrangement for the 
earlier study was adopted here (Section 3.2.2.1.). However, for this study the elbow sensor is 
largely redundant and so was deactivated. 
5.2.2.1. The VE, and action task.  
The context of this investigation was to evaluate the manipulation of visual cues on loiter time 
in a shoulder rehabilitation task, therefore the “apple picking” task used in Chapter 3 was 
retained as the scenario for this study. However, alterations were made to a number of the 
graphical representations (Figure 49) and where pertinent are described in this Section.   
 
FIGURE 49: UPDATED VR ORCHARD START POSITION DISPLAY 
The overall lighting in the scene was increased as the earlier version was perceived as too dark 
and may have reduced some of the visual cue elements. 
The environment has a textured gentle undulating ground plane with no horizontal linear 
interruptions both of which aid distance perception calibration for the user (He, et al., 2004; 
Wu, et al., 2007a, 2007b; Wu, et al., 2004). The environment in this study also has the clear 
path but in this study it was made more distinct and rendered as an actual 2.0m wide path 
which is flat but textured for the same reason as the ground plane and runs from the near 
distance “open clearing” towards the horizon, utilising leading lines to facilitate awareness of 
the horizon as a visual distance cue.  
Once again the environment was populated with trees with clear areas arranged as before. 
The quality of the models for the trees was updated with four different versions with varied 
amounts of rotation applied to each to create a more natural and plausible environment. The 
graphical representations of the billboards were also updated to better represent the models 
they are taken from. 
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For the purposes of this study the baskets provide both a narrative context and a means of 
completing the interactive task with alternating movement patterns at the shoulder to prevent 
excessive repetition. They are initially displayed on screen while the task is described. Once 
their role has been described to the participant they are displaced to their positions on the 
participant’s back. Their hit boxes were 0.18m3 and were active for this study to allow the 
apples to be dropped at the end of each reaching task. The first virtual basket was dynamically 
linked to a position directly behind and below the participant’s shoulder, and the second 
virtual basket was initially linked to a position 0.5m below the first basket.  
5.2.2.2. The Target Objects  
The target apple objects for this study were still referred to throughout as “apples”. However, 
three different object geometries of approximately 10cm diameter were actually used: (i) a 
modelled apple, (1,500 polygons, remodelled slightly so as to not have even rotational 
symmetry), (ii) a sphere of the same approximate size (960 polygons), (iii) an icosohedron (20 
polygons), again of the same approximate size. Each of the objects were textured with the 
same uneven textures without rotational symmetry (Figure 50).   
 
 
FIGURE 50: THE THREE OBJECT SHAPES USED IN THE STUDY 
Each object was rendered with both red and green variants as before, which denoted their 
associated action task. In light of the findings of (Gentilucci, et al., 2001) it is recognised that 
this may contribute a potential influence on the results. However, as there is not an identified 
object colour which is associated with an accurate distance estimation, and since the effect of 
other colours for VR objects has not been established, then since the objects cannot be 
rendered in any useful manner without colour it was considered judicious to work with 
elements with known effects, that can be accounted for and acknowledged in the results, 
rather than elements with unknown effects whose influence on the data could not be 
recognised.  Moreover, as each object shape would be presented with multiple and equal 
presentations of both colours (as would the brightness changing conditions) then if there were 
to be significant differences observed between each condition it would have to reasoned as 
likely due to the change in shape rather than any influence from the colours which would be 
the same in each condition.   
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FIGURE 51: TARGET OBJECT (A) WITH (EXAGGERATED) LOITER DISTANCE ZONE (B) ACTIVATED BY PROXIMITY OF HAND SENSOR 
TO TARGET - INITIATES RECORDING AND ANY CONDITION CHANGES 
A further condition in the study was to look at brightness changing visual cues. This functions 
as an artificial proximity cue, with exaggerated brightness change serving as a proxy for other 
normal terminal stage cues such as interreflections and shadows. This terminal stage cue has 
not previously been tested. Therefore a subset of each of the objects were rendered in a duller 
form, and then programmed to increase in brightness hue with proximity to the reaching hand, 
becoming brighter at 0.30m, 0.25m, 0.20m, and 0.15m from the object centre, until contact.  
Each object as well as having a collision zone, approximating the size of the object, was also 
given a wider zone around it, of 0.30m from the object (Figure 51), which was referred to as a 
loiter zone as one of the study outcome measures would be to record how long the hand 
loitered in this space before finally contacting the target object (time to target). The distance 
of 0.3m is used to encompass the likely region involving the deceleration phase of reaching to 
grasp based upon the two common strategies observed by Kuhlen et.al. (1998), where 
individuals initiated deceleration to contact at around 15cm from the target (strategy 1), or at 
around 30cm from the target (strategy 2) as this should encompass the corrective movement 
adjustments due to determining the final absolute spatial location of the target and therefore 
by association the majority of any “fishing” or searching behaviour observed in the study in 
Chapter 3. 
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FIGURE 52: TARGET OBJECT (A) LOITER ZONE (B) REACHING TRAJECTORY ACCELERATION PHASE (C)                                                           
RECORDED TIME-TO-TARGET, DECELERATION PHASE (D) 
The “loiter zone” initiated recording as soon as the reaching hand passed within it (and ceased 
if the hand left the zone) recording the cumulative duration it took for the hand to pass 
through the zone and successfully contact the target object (Figure 52). 
5.2.2.3. Interface  
An interim simple user interface was developed to facilitate common modular changes 
without having to alter code elements directly. This reduced participants waiting time and 
would make it easier for non programmers and clinicians to utilise and implement (Figure 53). 
In addition data extraction was automated with inbuilt error checks to ensure data was 
retrieved correctly.  
 
FIGURE 53: SIMPLE INTERFACE 
5.2.3. Materials 
All volunteers were nominally healthy for this study and neither QDASH nor QVAS were 
appropriate for the study outcomes. 
Although all participants reported as nominally healthy a screening process was conducted as 
before to ensure no inadvertent risks were undertaken or that conditions were included that 
might otherwise compromise the data. As this study is slightly more prolonged in its overall 
delivery the Motion Sickness Susceptibility Questionnaire (MSSQ) was also utilised for 
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screening purposes. This is used where the prolonged exposure in VR may be a risk for 
Cybersickness for certain participants. Whilst less common for clinical applications, the use of 
such questionnaires is becoming common practice for applications in VR particularly for higher 
risk situations such as with the use of HMDs or prolonged exposure with negative parallax and 
the questionnaire is a standard valid instrument (Bos, de Vries, van Emmerik, & Groen, 2010; 
Golding, 1998; Reed-Jones, Vallis, Reed-Jones, & Trick, 2008). 
5.2.4. Participants 
As this study primarily concerns spatial perception, and not shoulder dysfunction there is no 
obvious need to burden individuals with shoulder and pain restriction and therefore this 
investigation was carried out using healthy normal volunteers.  
Thirteen healthy volunteers (10 male, 3 female, age range 22-43) from the University of 
Portsmouth staff participated in this study. 
Volunteers were screened for any conditions or impairments that might put them at risk or 
that might otherwise compromise the recorded data.  
Ethical approval was obtained from the Creative and Cultural Industries Faculty Ethics 
Committee (University of Portsmouth). All participants gave their informed consent prior to 
the study (forms in appendix B) 
5.2.5. Procedure 
Prior to the study all participants were given an information sheet and were invited to discuss 
any aspects of their potential involvement in the study. Participants were introduced to the 
physical environment of the VR suite and made aware of relevant features and any potential 
risks. The task was described to them, and participants were asked to demonstrate the 
movements expected, to ensure there were no limitations, and participants confirmed they 
were healthy and did not match any of the exclusion criteria. Patients gave their informed 
consent using a form approved by the ethics committee.   
Participants were asked to put on the controller and battery pack around their waists 
themselves, with assistance if necessary, to ensure it was comfortable, with the pack resting 
on the ipsilateral side to their dominant hand to allow sufficient wire length for reaching. 
Magnetic motion tracking sensors were placed on the acromion of the scapula, and Lister’s 
tubercle of the radius, of the dominant hand using hypoallergenic tape (Figure 6 & Figure 7).  
Trailing wires were loosely secured with adjustable straps to prevent entanglement or 
dragging weight.  Participants were then asked to repeat the necessary actions to ensure they 
were free to do so unhindered or restricted. 
At the start of each experimental trial the participants had a non-interactive view of the 
“Orchard” with the baskets in view whilst the task was explained to them (Figure 34).  All 
volunteers participated in each of the 8 conditions. 
The starting position of the sensors was recorded and used to initialise the camera view in the 
virtual scene, which was dynamically linked to the actions of the participant. The hand 
movement of the participant was mapped to a virtual representation of the dominant hand.  
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A demonstration object (of the same type and visual behaviour as the test condition) was 
presented at eye height 2m in front of the participant. Data recording was initiated after the 
demo object had been successfully acquired and dropped into the virtual basket.   
For each condition, the ten test objects (5 green and 5 red) were then displayed one at a time 
(alternating colours) in preset locations within the participant’s field of view.  To avoid pre-
planning the next move, each object had to be acquired and dropped successfully before the 
next object was revealed, and the object positions were varied in horizontal and vertical axis 
and in depth from the screen. The time from object proximity (30cm from the object) to object 
acquisition was recorded for each test object (Figure 54). 
             
 
FIGURE 54: FLOW OF ACTIONS IN EACH EXPERIMENTAL TRIAL 
The target objects were asymmetric apples (1500 polygons), spheres (960 polygons) or 
icosahedrons (20 polygons), all were 10cm in diameter, and each were rendered in both red 
and green variants with non-uniform surface material textures (Figure 50). Participants were 
warned prior to undertaking tasks with changing conditions, that changes may occur in the 
appearance of the object, but were not informed as to what those changes might be. 
Condition changes were automatically initiated once the hand reached the loiter zone. 
Participants picked each target object in turn in their own time until data for 10 objects had 
been recorded before progressing to the next condition type. 
All volunteers participated in each of the 8 conditions in a randomised order. In all 8 conditions 
participants wore the lightweight polarised glasses, sensors and pack.  
Between each condition participants were offered water and a chance to rest if they so chose 
and checked for any evident discomfort.  At the conclusion of the 8 conditions participants 
were then relieved of the motion tracking equipment. Participants were debriefed and allowed 
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a recovery period, with water, to ensure there were no ill effects from the exertion, or any 
potential cybersickness issues.  
5.3. Results 
A mean value was calculated for the time-to-target (duration within the loiter zone) for the 10 
apples in each experimental trial, using the time in ms from object proximity (30cm) to object 
acquisition (Table 10). 
TABLE 10: MEAN TIME-TO-TARGET IN MILLISECONDS FOR EACH EXPERIMENTAL CONDITION 
ID 
Condition 
No 
change 
No 
change 
No 
change 
Shape 
change 
Shape 
change 
Bright 
change 
Bright 
change 
Bright 
change 
Apple 
(A) 
Sphere 
(B) 
Icos 
(C) 
Apple/ 
Sphere 
(D) 
 
Apple/ 
Icos 
(E) 
Apple 
(F) 
Sphere 
(G) 
Icos 
(H) 
vc101 2682 4175 1280 1674 2362 1255 1820 1620 
vc102 1219 1347 1160 1603 1138 1789 852 1092 
vc103 1208 1241 1389 1178 2280 1383 1133 1794 
vc104 4241 4916 2048 2782 3930 2095 2309 1197 
vc105 2047 3518 959 2305 4011 955 2345 1642 
vc106 1497 1334 1865 1339 1863 1255 1686 1423 
vc107 6186 6858 386 2995 3586 3825 3938 5794 
vc108 1116 1438 1622 1418 1775 1475 2539 1070 
vc109 2294 2383 1724 2294 2578 1978 2136 2527 
vc110 1785 2902 968 1542 1905 1242 1795 775 
vc111 2342 1627 1522 1795 1041 3623 1180 1610 
vc112 1391 1673 3530 1225 1886 1969 2988 1294 
vc113 2261 903 380 1877 687 920 1377 439 
Mean value 2328 2640 1449 1848 2234 1828 2007 1714 
StDev 1431 1779 808 582 1064 924 844 1328 
 
 
FIGURE 55: EFFECT OF SHAPE AND BRIGHTNESS ON TIME TO TARGET 
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A repeated measures 2-way ANOVA (shape x brightness) demonstrated a significant effect for 
shape on time-to-target (F(2,24)=4.52,  p<0.05), but only a marginal effect for brightness on 
time-to-target (F(1,12)=3.95, p=0.07). (Figure 55) 
There was no significant interaction effect (F2,11)=1.00, p=0.40) between shape and 
brightness. 
 
FIGURE 56: TIME-TO-TARGET IN MILLISECONDS FOR THE 3 OBJECT SHAPES (REGARDLESS OF BRIGHTNESS) 
Post-Hoc testing revealed that time-to-target was significantly shorter in the icosahedron 
conditions compared to the apple condition (p<0.05) and also shorter compared to the sphere 
condition (p<0.05). There was no significant difference between the sphere and apple 
conditions (Figure 56). 
 
FIGURE 57: COMPARISON OF TIME-TO-TARGET WITH AND WITHOUT OBJECT SWAP ON PROXIMITY 
Paired sample t-tests were used to compare the no-change condition A, to the object-swap 
conditions D and E (Figure 57).  
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The mean apple-to-sphere time-to-target was shorter than the apple-only but did not show 
statistical significance (t(12)=1.79, p=0.10).  
The mean apple-to-icosahedron time-to-target was shorter than the apple-only but did not 
show statistical significance (t(12)=0.29, p=0.78).  
5.4. Discussion 
Hypothesis 1: Time-to-target in the terminal phase of reaching will be lower when the target 
object has more intra object surface motion parallax cues. 
The reduction in time to target in the icosahedron condition compared to both the sphere and 
the apple conditions support this hypothesis. 
The duration of the deceleration phase of reach to grasp actions is a relatively short time, 
however it  indicates the period taken to make adjustments to arm and hand trajectories to 
allow for corrections in the perception of target location and to collocate the hand. The mean 
time to target duration for the commonly used sphere is 2.64 seconds whereas the basic 
icosahedrons, contended as an alternative target object, has a mean time to target duration of 
1.45 seconds, demonstrating an effective reduction of 45%. This is notable not so much as a 
reduction in time itself, but rather as an indication of the reduction in the perceived corrective 
motions required to grasp the target object.  
The results suggest that a suitable target object with simple geometry such as an icosahedron 
can be rendered as a simple low polygon model (20 polygons), yet nevertheless provides 
distance cues to facilitate the ability of the user to acquire the target. Despite its simplicity it 
may provide more effective depth cues than the more commonly encountered spheres (960 
polygons) or more complex apples (1500 polygons).  It has the benefit of being easier to 
render, with a lower computational burden, particularly when multiple objects are displayed 
simultaneously and without the need for the more complex realistic modelling geometry in 
objects such as apples or other simulated real world artefacts. Whilst the target objects alone 
might not be a significant computational burden, such real world simulations are usually used 
to remain consistent with simulated real world VEs which as they approach realism require 
higher computational demands which may be significant for real time interactions. 
Nevertheless the literature and the results of this study would suggest that whilst aesthetically 
pleasing it is not necessary for physical therapeutic tasks.  
Moreover, the commonly used spheres were associated with the longest time-to-target and 
this may have implications for the design of VR rehabilitation environments, particularly where 
target perception, reaching times or cognitive load is an important factor.   
Realistic model rendering, whilst aesthetically pleasing, gave no noticeable advantage to target 
acquisition and performed less well than the simple polyhedral models. Realistic models can 
be used judiciously in VEs to aid immersion, presence and a sense of narrative as these have 
therapeutic roles (Hoffman, et al., 2001; Wiederhold & Wiederhold, 2007), but it is also 
recommended that the use of this type of virtual object should be carefully evaluated in a 
reaching task focussed environment.  
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Hypothesis 2: Time-to-target will be lower when the object becomes brighter on proximity. 
There was only a marginal difference between brightness changing objects and their parent 
object. Therefore it cannot be concluded that this hypothesis is supported at this stage.  
Whilst overall the brightness changing polyhedral gave the lowest mean time to target it was 
not statistically, significantly different from that shown by the simple polyhedral on its own. 
Interestingly, although brightness or luminance have been discussed in the literature as a 
perceptual distance cue, with objects that are brighter being interpreted as nearer (Drascic & 
Milgram, 1996b), in this study the use of increasing brightness with target proximity did not 
demonstrate as clear an impact on time to target as that seen between the different object 
model geometries. Nevertheless with an apparent tendency towards reducing time to target 
and an effect that shows marginal significance, the brightness changing condition could be 
investigated further.  
Hypothesis 3: Changing the intra object surface motion parallax cues on proximity will affect 
the time-to-target compared to keeping the geometry consistent throughout the reaching 
task. 
There was no significant difference between the condition which maintained the apple object 
throughout the reaching task and the conditions which swapped the apple to an alternate 
object on proximity, i.e. changing the intra object surface motion parallax cues on proximity 
did not affect the time-to-target. Therefore it cannot be concluded that this hypothesis is 
supported.  
The apple object is the most ecologically valid for the task performed in this virtual 
environment, but the results of hypothesis 1 demonstrated that the less ecologically valid 
icosahedrons with richer visual cues improved task performance. It had been hypothesised 
that swapping the apple to the icosahedron on proximity might be able to leverage the 
additional visual depth cues during the terminal phase of reaching, whilst supporting the 
ecological validity of the task, but this was not supported by the results. Suggesting the final 
determination of object spatial position may have already been informed by the visual cues 
prior to the terminal phase. Therefore, if improved time-to-target is the primary goal, the 
object with improved depth cues (icosahedron) should be used consistently throughout the 
task, and no benefit is gained by introducing it solely during the proximity phase.  
This study demonstrated a large variance both within and between subjects, and therefore 
these preliminary results should be interpreted with caution. Nevertheless they suggest that 
the visual properties of an object may have a significant impact on target acquisition, and this 
should be considered when designing timed reaching tasks for rehabilitation or assessment. A 
larger study informed by these findings will need to be carried out to investigate these findings 
further (Chapter 6).   
5.5. Conclusion 
The effect of manipulating the object geometries and thereby the characteristics of the visual 
cues conveyed by the intra object surface motion parallax had a significant effect on time to 
target during the terminal phase of reach to grasp actions. This demonstrates that enquiry into 
this area of research is valid and warrants further investigation as to the nature of the effects 
of target object characteristics on individual reaching behaviour. 
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There was only a marginal difference between brightness changing objects and their parent 
object, whereas, the differences between the three object geometries, had a more 
pronounced effect. Time to target was notably shorter for the basic icosahedron and perhaps 
more critically, in light of previous studies, was longer for the simple sphere condition. 
If VR is to be used to improve motor function without necessarily increasing loiter time, 
muscular burden or cognitive load then there should be an awareness of the differing object 
properties, their effect on perception and subsequent influence on reaching and grasping 
tasks.  
Furthermore, in contrast to some studies, these findings suggest that it may not be necessary 
to utilize a sophisticated computationally-intensive solution for reaching grasping tasks, with a 
simple low-poly object (icosahedron) offering similar benefits at lower computational cost in 
some circumstances. 
In addition the common default position of utilising simple spheres (or arguably similar smooth 
objects or those whose edges would appear similar from different perspectives) for target 
objects in tasks that require reasonable perceptual determination of spatial position should be 
considered somewhat questionable as spheres resulted in significantly longer times to target 
in the terminal phase of reach to grasp.  
Furthermore, until such time as it becomes possible to reproduce real world visual cues with 
fidelity then it is worth considering tailoring the visual cues to the task required of the 
participant, e.g. if spatial perception is a critical component of the task, then using spheres 
would not be advisable.   
In summary, depending on the research or rehabilitation outcome focus, and the subsequent 
prescribed user task, target objects should be selected that facilitate fidelity, reliability and 
confidence in the intended outcome or the user’s interaction.  A proposed consideration of 
selection criteria can thus be outlined (see Table 11). 
Considering individual variation and preferences however, this should only be viewed as a 
guide and not an absolute and it would be prudent for rehabilitation applications that users 
and environments be evaluated for suitability, as each case dictates, to find an optimum 
solution.  
Characteristics of target objects and particularly their geometry can influence performance in 
reaching to grasp action tasks. The visual properties of basic icosahedrons showed lower time 
to targets than spheres. Therefore target object properties should be considered when 
designing action tasks in VR. However, this is not a statement of one shape is better than 
another for all applications in VR, each has merits in different circumstances. Nevertheless this 
study may facilitate the awareness of the issue and assist in making informed choices to aid 
future study design. 
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TABLE 11: OBJECT CHARACTERISTICS FOR ACTION TASKS 
Functional Task requirements Preferred Target Object 
Characteristics 
Least desirable  Target Object 
Characteristics   
Pointing to target, 
Interception of target, 
Touching target. 
Any, but Spheres are simple 
to model and have an obvious 
narrative context for the user 
to relate to the task. 
Arguably abstract objects or 
those with high 
computational demand. 
Grasping or surface contact 
tasks with precision in a close 
constrained space where 
objects are in close proximity. 
Objects with rich visual spatial 
cues e.g. either Icosahedrons 
or Realistic modelled objects 
with functional familiarity, 
textures, interreflections and 
shadows. 
Spheres and objects that 
present the same visual 
information throughout 
different viewing angles. 
Reaching and Grasping 
targets at varying distances, 
without constraints on 
participant movement, 
relating to tasks with specific 
ecologically valid real world 
outcomes. 
Objects with contextual 
familiarity and relevancy e.g. 
Realistically modelled 
representations of real world 
objects. 
Spheres, abstract 
Icosahedrons and arguably 
objects with high 
computational demands for 
visual proximity cues. 
 
Reaching and Grasping 
targets at varying distances, 
without constraints on 
participant movement, 
relating to tasks with specific 
functional movement 
outcomes or accuracy in 
spatial perception 
Objects with rich visual spatial 
cues and low computational 
demands e.g. Icosahedrons 
Spheres or shapes that 
provide minimal motion 
parallax cues on approach 
and arguably realistically 
detailed models with high 
computational demands. 
 
This is the first study investigating the effect of shape on the time taken to grasp the virtual 
object.  The results suggest that a basic icosahedron is easier to locate in 3D space than the 
more traditionally used spherical object, and this could have implications for the design of VEs 
and target objects for reaching tasks.  
This is the first study to suggest that the popular balls and bubbles often used in upper limb 
rehabilitation games may not be the most suitable objects shapes, increasing the time to 
acquire them during the deceleration phase of reach to grasp actions, and subsequently may 
even lead to increased frustration or fatigue during task performance.  
This is also the first study to suggest that intra object brightness cues, whilst improving 
distance perception somewhat, have a much smaller effect than the actual object shape.  
Since these preliminary findings could have significant implications for future VR rehabilitation 
design, a further study is required with a larger group of participants to establish whether 
these results are supported in a study with better statistical power. Despite the statistical 
significance shown in the difference of effect of object geometries on time to target it must 
also be considered that this study remains underpowered and therefore in order to be more 
robust further investigation is called for, using the results from this study to provide a power 
calculation to attain an appropriate sample size to ensure the results are statistically sound. 
With this in mind it would also seem prudent to consider that there was also a marginal 
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significance for brightness and therefore this should also be pursued further to determine 
whether or not it may have a viable role in facilitating distance estimation.  The condition of 
changing object geometry on proximity was not significant and conferred no additional 
benefits and so will not be pursued further.   
In addition, if, as seems to be the case, that the object’s visual characteristics might influence 
the terminal phase of reaching, it remains to be established whether they might also influence 
reaching behaviours, including the rigid system approach, with sustained excess arm elevation, 
observed in the study in Chapter 3. Therefore this should also be investigated in more depth.   
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6. Target object shape and brightness cues and their effect on 
loiter time and reaching behaviour  
This study intends to further this investigation’s aims by providing a more robust analysis of 
the effect of manipulating target object properties on the performance and behaviours during 
reach to grasp actions within a Virtual Environment (VE). 
6.1. Introduction  
This study attempts to address some of the issues raised in the previous study (see Chapter 5) 
and attempts to clarify the results gained by making them more statistically robust. In this 
regard this study will expand upon the previous investigation: Firstly by using a larger sample 
size determined by a statistical power test conducted on the results of the previous study; 
secondly by investigating the effects of object geometry on the time to target duration of the 
deceleration phase of reaching to see if the observed effect is maintained; thirdly to 
investigate the effect of altering object brightness by proximity, which had previously been 
noted as having a marginal effect, to see whether a suitably powered study will confirm and 
statistically reinforce this effect or whether it will reveal this effect to be essentially 
coincidental instead. 
In addition, this study will investigate whether the manipulation of target object cues will 
affect the duration of excess arm elevation. Some literature sources indicate that such 
reaching behaviour may be due to the adoption of a rigid system by individuals who doubt the 
reliability of their interpretation of visual cues presented to them when making distance 
judgements in a novel environment. It is reasoned that manipulating the object characteristics 
to give richer distance cues might therefore reduce the duration that this behaviour is deemed 
necessary by the participant. 
6.1.1 Influence of target object characteristics on reaching behaviour 
This study builds upon insights gained from the earlier study investigating the effect of visual 
cue characteristics of target objects in VR (Sections 5.3. & 5.4.). In the previous study certain 
observations and patterns came to light which offered some potential in improving the spatial 
perception of target objects. This study also served to narrow down the focus of the 
investigation to concentrate on visual elements that appeared to offer the greatest potential 
for reducing time to target in the terminal phase of reaching (loiter time). It is reasoned that 
such a reduction in time to target may impart a confidence in the user’s perception of the 
spatial location of the virtual target objects, and, that this in turn may translate into a 
reduction of the aberrant and undesired arm elevation that was previously evident in the 
study in Chapter 3 (Section 3.4.4. & Section 4.2). This study then sets out to clarify the relative 
impact on loiter time and arm elevation, of the visual cues inherent in different target object 
geometries, and furthermore whether increasing brightness on proximity will enhance or 
detract from this.  
The observations from the earlier experimental study (Section 3.4.4) coupled with findings in 
the literature, highlight two particular behaviours that might imply a lack of confidence in 
absolute spatial determination of target objects. Firstly the adoption of rigid systems 
132 
kinematics in the upper limb to control and reduce kinematic variations for reaching behaviour 
strategies in response to unfamiliar and novel circumstances has been observed (Vereijken, et 
al., 1992) (Section 3.4.4. & Section 4.2) and might be a factor in reaching patterns in VR, 
including unnecessary elbow extension and possibly sustained excessive arm elevation. 
Secondly the searching patterns adopted by the hand in close proximity to the target object 
before contact is finally made as seen in the “VR Orchard” (Section 3.4.4.4.). Both of these 
behaviours could be consistent with a lack of confidence in judging the absolute spatial 
position of the target object. However, whilst this rationale has been theorised (Section 4.2.) it 
has not been established in a robust statistically powered empirical study. 
The diminished visual cues inherent in some target objects (Section 4.3.) have been implicated 
as a possible factor in the searching behaviour seen in Chapter 3 and in the subsequently 
extended duration of the deceleration phase of reaching in Chapter 5. Icosahedrons have been 
theorised as having potentially more distance cues to facilitate acquisition and corrective 
motions during this deceleration phase and therefore might provide a suitable substitute in 
some circumstances for either rehabilitation or distance perception outcomes. The visual cues 
for a fully modelled real world asymmetric object geometry are also compared to ascertain 
whether this provides meaningful additional benefits. 
6.2. Method 
This experiment is similar in design to the experiment conducted in the previous study (Section 
5.2.), and therefore will use the same VE to remain consistent. The context of this investigation 
was to evaluate the manipulation of visual cues on loiter time and arm elevation in a shoulder 
rehabilitation task, therefore the “apple picking” task used in Chapter 3 and Chapter 5 was 
retained as the scenario for this study. This experiment will investigate the effect of changing 
object brightness on proximity, and the effect of the target objects geometry itself, on the 
duration of time to target in the deceleration phase of reaching to grasp, and the overall arm 
elevation duration during reaching. 
6.2.1. Design 
Hypothesis 1: Time-to-target in the terminal phase of reaching will be affected by the target 
object geometry.  
(It is anticipated that it will be consistent with the theorised expectations  that time to target 
will be lowest with icosahedrons and highest with the sphere). 
Hypothesis 2: Time-to-target will be lower with brightness change on proximity than with no 
brightness change. 
Hypothesis 3: Arm elevation duration during reaching to grasp action tasks will be affected 
by target object geometry. 
(It is anticipated that it will be consistent with the theorised expectations that it will be lowest 
with icosahedrons and highest with the sphere). 
Hypothesis 4: Arm elevation time will be lower with brightness change on proximity than 
with no brightness change. 
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The experiment was a repeated-measures within-subjects design. The independent variables 
were object shape / parallax cues (3 levels) and brightness change (2 levels).  Time in 
milliseconds from object proximity to object acquisition, and time in milliseconds of arm 
elevation were the dependent variables (Table 12). 
TABLE 12: THE EXPERIMENTAL CONDITIONS FOR STUDY 3 
 Apple Sphere Polyhedron 
No change Condition A Condition B Condition  C 
Increased brightness on proximity Condition F Condition G Condition H 
 
For conditions A, B and C the object remained visually constant throughout the trial. For 
conditions F to H the object changed brightness on proximity (20cm). 
6.2.2. Apparatus 
Following on from the earlier study (Chapter 5) this investigation utilised the same VE to 
remain consistent.  
The same protocol was used throughout (Section 5.2.5) again to remain consistent. The 
procedure similarly remained largely unchanged with the exception of the omission of the 
shape changing conditions (Section 5.2.1.) reducing the number of conditions from 8 to 6.  
In addition arm elevation duration was recorded during this study. The other details of this 
study are described here for convenience. 
 
FIGURE 58: VR ORCHARD UPDATED 
The VE was created in 3D Studio Max and rendered into an interactive format using Open 
Scene Graph (Figure 58). Eleven virtual apples were used for each condition in the experiment, 
but only one demo object was visible at the start of each trial, the rest were not visible to the 
user until needed (Section 6.2.5).   
The virtual camera was set to match the starting position of the participant, with a field of view 
of 100o and a starting height of 1.6m above the ground plane. After user calibration (Section 
6.2.5) the camera was dynamically linked to the user’s head position. The stereoscopic scene 
134 
was projected onto a 4.5m x 2m display screen using a pair of Christie 7700 Lumen projectors 
with polarising filters. To minimise visual distraction, the room was darkened for the 
experiment, with the main light source being the display screen itself. The camera tracking 
algorithm used in Chapter 3 and 5 (Section 3.2.2.4.) was well tolerated by all users, and so this 
study also used the eye-to-hand vector to orient the virtual camera. 
      
FIGURE 59: (A) MOTION TRACKING EQUIPMENT WITH SENSOR POSITIONS.  (B) IMAGE OF PARTICIPANTS HAND AND ITS’ 
DYNAMICALLY LINKED VIRTUAL REPRESENTATION. 
Magnetic tracking sensors (Ascension technologies flock of birds) were placed on the antero-
lateral margin of the acromion process of the scapula, and on Lister’s tubercle of the wrist 
(Figure 59A). The x, y and z positions of these markers was recorded to a computer file at 
around 15 times per second, at a resolution of <1mm. A virtual hand was dynamically linked to 
the movement of the participant’s hand. Its relative motion was taken from the sensor on the 
wrist (Figure 59B). 
For the purposes of this study the baskets provide both a narrative context and a means of 
completing the interactive task with alternating movement patterns at the shoulder to prevent 
excessive repetition. They are initially displayed on screen while the task is described. Once 
their role has been described to the participant they are displaced to their positions on the 
participants back. The first virtual basket was dynamically linked to a position directly behind 
the participants shoulder, and the second virtual basket was initially linked to a position 0.5m 
below the first basket. Their hit boxes were 0.18m3 and were active for this study to allow the 
apples to be dropped at the end of each reaching task.  
A “loiter zone” was used as detailed in the study in Chapter 5 (Section 5.2.2.2.). The “loiter 
zone” initiated recording as soon as the reaching hand passed within it (and ceased if the hand 
left the zone) recording the cumulative duration it took for the hand to pass through the zone 
and successfully contact the target object. Arm elevation duration was recorded from the drop 
of the previous object until the acquisition of the next as this would be therapeutically relevant 
(Figure 60).  
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FIGURE 60: TARGET OBJECT (A) LOITER ZONE (B) REACHING TRAJECTORY ACCELERATION PHASE (C) RECORDED TIME-TO-
TARGET, DECELERATION PHASE (D) RECORDED ARM ELEVATION DURATION ACROSS EXTRA AND PERIPERSONAL SPACE (C+D) 
6.2.3. Materials 
Although all participants reported as nominally healthy a screening process was conducted as 
before to ensure no inadvertent risks were undertaken or that conditions were included that 
might otherwise compromise the data. As this study involves the participants being immersed 
in VR for a prolonged duration the Motion Sickness Susceptibility Questionnaire (MSSQ) was 
also utilised for screening as the prolonged exposure in VR may be a risk for Cybersickness for 
certain participants. 
6.2.4. Participants 
This study primarily concerns spatial perception at this stage, and therefore this investigation 
was carried out using healthy normal volunteers. A power calculation conducted on the basis 
of the data from the previous study (Section 5.3.) was used to determine the number of 
participants needed in this larger study. Twenty nine healthy volunteers (17 male, 12 female, 
and age range 19-46yrs) participated in the study. Ethical approval was obtained from the 
Creative and Cultural Industries Faculty Ethics Committee (University of Portsmouth). All 
participants gave their informed consent prior to the study (appendix B) 
6.2.5. Procedure 
Prior to the study all participants were given an information sheet (appendix B) and were 
invited to discuss any aspects of their potential involvement in the study. Participants were 
introduced to the physical environment of the VR suite and made aware of relevant features 
and any potential risks. The task was described to them, and participants were asked to 
demonstrate the movements expected, to ensure there were no limitations, and participants 
confirmed they were healthy, did not have any musculoskeletal conditions or restrictions and 
did not match any of the exclusion criteria (Section 3.2.4). Participants gave their informed 
consent using a form approved by the ethics committee (appendix B).   
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Participants were asked to put on the controller and battery pack around their waists 
themselves to ensure it was comfortable, with assistance if necessary, with the pack resting on 
the ipsilateral side to their dominant hand to allow sufficient wire length for reaching. 
Magnetic motion tracking sensors were placed on the acromion of the scapula, and Lister’s 
tubercle of the radius, of the dominant hand using hypoallergenic tape (Figure 17 & Figure 18).  
Trailing wires were loosely secured with adjustable straps to prevent entanglement or 
dragging weight.  Participants were then asked to repeat the necessary actions to ensure they 
were free to do so unhindered or restricted. 
At the start of each experimental trial the participants had a non-interactive view of the 
“Orchard” with the baskets in view whilst the task was explained to them (Figure 34). The 
starting position of the sensors was recorded and used to initialise the camera view in the 
virtual scene, which was dynamically linked to the actions of the participant. The hand 
movement of the participant was mapped to a virtual representation of the dominant hand.  
A demonstration object (of the same type and visual behaviour as the test condition) was 
presented at eye height 2m in front of the participant. Data recording was initiated after the 
demo object had been successfully acquired and dropped into the virtual basket.   
For each condition, the ten test objects (5 green and 5 red) were then displayed one at a time 
(alternating colours) in preset locations within the participant’s field of view.  To avoid pre-
planning the next move, each object had to be acquired and dropped successfully before the 
next object was revealed, and the object positions were varied in horizontal and vertical axis 
and in depth from the screen. The time from object proximity (30cm from the object centre) to 
object acquisition was recorded for each test object (Figure 54 & Figure 60). 
 The xyz position of each sensor was recorded throughout the trial, and post-processed to 
calculate the amount of time the hand was elevated about the shoulder during each reach and 
grasp cycle. 
As in Chapter 5 (Section 5.2.2.2.) the target objects were asymmetric apples (1500 polygons), 
spheres (960 polygons) or icosahedrons (20 polygons), all were 10cm in diameter, and each 
were rendered in both red and green variants with non-uniform surface material textures 
(Figure 50). Participants were warned prior to undertaking tasks with changing conditions, that 
changes may occur in the appearance of the object, but were not informed as to what those 
changes might be. Changes were automatically initiated once the hand reached the loiter 
zone. Participants picked each target object in turn in their own time until data for 10 objects 
had been recorded before progressing to the next condition type. 
All volunteers participated in each of the 6 conditions in a randomised order. In all 6 conditions 
participants wore the lightweight polarised glasses, sensors and pack.  
Between each condition participants were offered water and a chance to rest if they so chose 
and checked for any evident discomfort.  At the conclusion of the 6 conditions participants 
were then relieved of the motion tracking equipment. Participants were debriefed and allowed 
a recovery period. 
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6.3. Results 
6.3.1. The time-to-target duration, during the deceleration phase. 
A mean value was calculated for the time-to-target for the 10 objects in each experimental 
trial, using the time in ms from object proximity (30cm from the centre of the object) to object 
acquisition (Table 13).  
TABLE 13: MEAN TIME-TO-TARGET (MILLISECONDS) FOR EACH CONDITION 
ID 
Condition 
Constant 
brightness 
Constant 
brightness 
Constant 
brightness 
Brightness 
changing  
Brightness 
changing 
Brightness 
changing 
Apple  
(A) 
Sphere  
(B) 
Icosahedron 
(C) 
Apple  
(F) 
Sphere  
(G) 
Icosahedron 
(H) 
301 3024 2383 5522 3555 6114 3547 
302 3144 4980 2788 2664 2706 3723 
303 1261 1932 2477 1394 3875 3561 
304 7163 13919 4967 4700 16114 10161 
305 3477 1397 5884 3106 2402 1717 
306 1772 1002 1424 2444 730 656 
307 3220 2758 2480 8269 7464 3472 
308 2777 2588 3638 3580 4380 3882 
309 3162 922 1025 1641 2580 3188 
310 4794 10416 3364 5297 14092 1711 
311 2264 1571 680 2036 1769 2471 
312 4742 2056 2833 2181 1535 1626 
313 3233 2697 2616 5213 3734 2003 
314 1359 1410 1337 870 1931 1436 
315 2692 1783 2281 2243 1994 3219 
316 2447 2834 4620 1300 2583 4177 
317 1266 1342 1612 1997 1586 3408 
318 1547 5041 2542 2088 1624 1605 
319 1799 2681 1914 1528 1642 2163 
320 1523 2394 1169 1070 952 1846 
321 1694 1821 1969 2033 4794 2234 
322 8502 10839 2309 3147 2177 7025 
323 1377 3528 2000 1858 1105 2767 
324 6050 6702 7228 2145 6399 2727 
325 2234 3136 5858 3278 1480 2736 
326 608 1414 879 826 759 1845 
327 3692 10247 3678 5725 7699 5928 
328 2224 3177 4734 4392 2795 2452 
329 7041 5630 3355 5189 13044 3392 
Mean 
value 3106 3883 3006 2957 4140 3127 
StDev 1966 3388 1700 1748 4059 1893 
 
A repeated measures 2-way MANOVA (shape x brightness) demonstrated a significant effect of 
shape on time-to-target (F(2,56)=3.62,  p<0.05), but no significant effect of brightness on time-
to-target (F(1,28)=0.09, p=0.77). 
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FIGURE 61: MEAN TIME-TO-TARGET (MS) FOR EACH OF THE 3 OBJECT SHAPES 
Mean times-to-target durations for each object shape were compared. Post-Hoc testing 
revealed that time-to-target was significantly longer in the sphere condition compared to the 
icosahedron condition (p<0.05) and also longer compared to the apple condition, although this 
did not reach 5% significance level (p=0.07). There was no significant difference between the 
icosahedron and apple conditions (Figure 61).  
 
FIGURE 62: TIME TO TARGET COMPARING SHAPES WITH AND WITHOUT BRIGHTNESS CHANGING CONDITION 
Mean times-to-target durations were compared for the brightness changing conditions and 
the constant brightness conditions (Figure 62). There was no significant effect of brightness on 
time-to-target (F(1,28)=0.09, p=0.77).  
6.3.2. The arm elevation duration during reach to grasp. 
A mean value was also calculated for the arm elevation for the 10 objects in each experimental 
trial, using the time in ms that the hand was above shoulder height from previous object drop 
to next object acquisition (Table 14). 
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TABLE 14: MEAN ARM ELEVATION TIME (MILLISECONDS) FOR EACH CONDITION 
ID 
Condition 
Constant 
brightness 
Constant 
brightness 
Constant 
brightness 
Brightness 
changing 
Brightness 
changing 
Brightness 
changing 
Apple  
(A) 
Sphere  
(B) 
Icosahedron 
 (C) 
Apple  
(F) 
Sphere  
(G) 
Icosahedron 
(H) 
301 5773.2 3114.5 4968.5 4004.7 3378.4 3237.5 
302 3567.3 5384.5 3348.5 3403 3178.2 3548.8 
303 1357.6 2069.1 2109.6 1720.2 2000.1 2892.2 
304 10201.6 10806.3 3860.9 3435.8 14198.3 11172 
305 2870.3 1650.2 4304.6 3325.2 3012.7 2031.4 
306 2931.2 2298.3 2411.1 6045.3 2189.2 1531.2 
307 2507.8 2667 3192 3928.1 6404.4 3418.6 
308 1873.3 1937.8 3735.8 3726.8 4531.5 3942.2 
309 4090.7 2221.7 2792.2 2420.3 4156.2 4058 
310 5189 9679.8 3584.2 5034.4 10893.9 1764 
311 2350 1850 904.6 2059.4 1623.6 2250.1 
312 3865.6 2724.9 3559.4 2762.6 2732.6 2948.4 
313 3167.3 2561.2 2693.7 4831.5 4481 2229.9 
314 1964.1 2495.3 2251.5 1782.9 2320.4 2370.6 
315 2634.6 2243.7 2703 2204.6 3092.3 4675 
316 3062.1 3251.7 4654.8 1378.2 2431.2 3221.8 
317 3403.3 3223.4 4134.5 3959.6 3164.1 9200.1 
318 1861.1 5131.3 2937.4 2289.2 1820.4 2010.7 
319 2943.9 3492.3 2249.8 2776.7 2565.5 4007.7 
320 1807.9 2859.5 1292.2 1467 1220.1 2014.3 
321 2190.7 2262.3 2618.8 2560.8 4606.2 2387.5 
322 8648.4 9252.8 3764 4626.6 4147 7459.1 
323 2295.3 4347 2765.8 2498.4 2168.9 3650.1 
324 4960.7 5559.4 4814.3 5004.9 6179.7 4342.4 
325 3593.6 4266.7 5809.5 4557.7 2412.5 4018.7 
326 2293.6 1931.4 1815.8 2212.5 1728.2 3576.7 
327 3653.2 9594 3356.4 4054.7 6345.3 5608.1 
328 4343.6 5729.7 7312.4 7032.7 3870.3 3354.8 
329 2567.6 2815.9 2876.5 3634.4 5282.4 1683 
Mean 
value 
3516 4049 3339 3405 4005 3745 
StDev 1962 2628 1340 1392 2797 2205 
 
The mean elevation times for each object condition were compared (Figure 63).  
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FIGURE 63: MEAN ELEVATION TIME (MS) FOR EACH OF THE 3 OBJECT SHAPES 
There was a no significant effect of shape on elevation time (F(2,56)=1.88, p=0.16), 
 
FIGURE 64: ARM ELEVATION COMPARING SHAPE AND BRIGHTNESS 
There was also no significant effect of brightness on elevation time (F(1,28)=0.22, p=0.64) (Figure 
64). 
Furthermore, there was also no significant interaction effect (F4,25)=1.38 p=0.27) between 
shape and brightness for elevation or time to target . 
6.4. Discussion 
Examination of the data for each participant in the studies in Chapter 5 and Chapter 6 reveals a 
considerable variation in data profiles. As an exploratory study, that considers the range of 
potential participants rather than any given subgroup, nevertheless it reveals certain individual 
outliers in behaviour that could influence the overall results and warrant further consideration. 
Whilst it would not be appropriate to exclude participants from the analysis, at this stage, 
nevertheless there may be some participant characteristics which may contribute to these 
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variations in data profiles. Future work should be carried out to investigate this, with more 
detailed demographic profiles, with gender, age, hand dominance and VR familiarity being 
considered using a non-linear covariate analysis of variance of within-subject differences. 
Although this will require a much larger participant group and is outside the scope of this 
thesis, it would nevertheless be a valid and potentially revealing investigation especially in 
identifying coherent clinical subgroups. The discussions in chapters 5 and 6 should be 
considered within the exploratory context of this observation. 
Hypothesis 1: Time-to-target in the terminal phase of reaching will be affected by the target 
object geometry.  
The results from this study support this hypothesis. Notably, the sphere again demonstrated 
longer loiter times than both the apple and the icosahedron (Figure 46). Interestingly there is 
no difference between the apple and the icosahedron in this study, suggesting that the 
unconventional simple geometric target object with little real world familiarity or sense of 
inherent scale as an interactive object, performed as well as the modelled target object based 
on a real world object that many individuals should be familiar with. This has potential and 
notable ramifications for VR research study designs and inherent implications for clinical 
applications. 
Hypothesis 2: Time-to-target will be lower with brightness change on proximity than with no 
brightness change. 
The statistical data does not support this hypothesis showing no evident difference for the 
brightness changing condition (Figure 48). Whilst in the earlier study the effect of brightness 
on time to target (loiter time) did not reach significance the data was drawn from an 
underpowered study and the effect was still approaching significance therefore it seemed 
prudent to investigate this further with a larger population.  This study demonstrates with a 
reasonable degree of clarity that changing brightness on proximity, as it is delivered here, is 
not a significant cue for spatial perception, nor an assistive clue indicating collision proximity, 
and hence not a beneficial aid in user time to target reduction in any way. 
In contrast, for the effect on loiter time there is evidence for the effect of shape but not for the 
effect of brightness. This reinforces the conclusion that the shape geometry of a virtual target 
object i.e. an absolute depth cue in peripersonal space, is more effective than increasing 
brightness with collision proximity (as a proxy for interreflection and imminent object contact 
cues). 
Hypothesis 3: Arm elevation duration during reaching to grasp action tasks will be affected 
by target object geometry. 
 (It is anticipated that it will be lowest with icosahedrons and highest with the sphere) 
Although tendencies in the data could seem consistent with this hypothesis (Figure 63) i.e. 
worst in the sphere condition, the overall effect does not reach a significance level of <0.05 
(F(2,56)=1.88, p=0.16). Furthermore, individual tendencies within the population are not 
consistent. Drawing any conclusions from this would be questionable at best. 
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Hypothesis 4: Arm elevation time will be lower with brightness change on proximity than 
with no brightness change. 
The statistical analysis showed that there was no significant effect of brightness on the 
duration of arm elevation (F(1,28)=0.22, p=0.64) and so this hypothesis is not supported. 
In addition, it would seem that arm elevation in all conditions would appear to remain 
excessive, with the mean time for the duration the wrist is held above shoulder height, for 
each condition varying around 3 to 4 seconds, which does not reflect a simple efficient 
reaching behaviour. This could be consistent with a rigid system like behaviour, and it would 
seem that the richer visual cues are insufficient to reduce this. It remains to be established 
whether more veridical depth cues or increased exposure and familiarity might affect this.  
Overall though, the findings from this study demonstrate that the visual characteristics of 
target objects can indeed influence reaching and grasping behaviours and raises awareness of 
this otherwise neglected component of VR environments and functional tasks.  
This study has provided some insights with regard to the influence of target object 
characteristics within VR, however it also raises some questions that should not be ignored.  
This study reinforces the earlier studies findings (Section 5.3.) regarding the poor performance 
with spheres as target objects, which suggests that the common practice of the use of spheres 
as target objects in VR tasks that involve reaching and grasping or indeed any reasonable 
element of reliable spatial perception is potentially a confound for research outcomes and 
possibly deleterious for rehabilitation outcomes. The sphere geometry has been shown to be a 
detrimental influence, requiring a longer duration for the deceleration phase of reaching, to 
determine its final absolute location, to correct hand motion for grasping. However, it remains 
to be seen whether its relatively diminished visual distance cues might affect the quality and 
durations of the other stages of reaching, or other aspects of spatial perception at distances 
beyond those involved for the deceleration phase, within the peripersonal or even 
extrapersonal space, and further investigation might be warranted.   
This study also finds no significant difference between icosahedrons and the modelled apples 
as target objects.  Suggesting that for simple VEs, that do not have an imperative need to 
attempt photorealism, low polygon models can be found that will provide sufficient depth 
cues for determining spatial location in reaching and grasping tasks without the need for more 
detailed modelling. In this regard, the icosahedrons theorised as a potentially effective target 
object due to the richness of intra object surface motion parallax cues, provided by their face 
edges, coupled with the altering edge silhouette, and occlusion and disocclusion of faces, as 
the viewing angle changes,  would seem to be a viable target object geometry for facilitating 
reaching and grasping actions. 
The manipulation of target object geometry had a more significant effect on time to target 
than altering brightness, however it should be noted that the transitional brightness change 
did not attempt realism but rather operated as a proximity cue as seen in a number of 
computer games. In this regard it would appear to be ineffective in a VR setting and perhaps 
further investigation of more realistic brightness changes in response to global illumination or 
local intense light sources might be worth further investigation as might the reflective nature 
of the target objects surface material.  
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It would seem the distance cues provided by the geometry of icosahedrons was effective at 
reducing the duration necessary for determining the small corrective motions applied by the 
neuro-motor system to ultimately complete the terminal phase of reaching to grasp the target 
object. It can be reasoned therefore, that it has potentially richer spatial cues to facilitate this 
final determination of spatial location within the distances involved before imminent object 
contact. It is not however clear as to whether it might have any influence on the other stages 
of reaching or even distance perception and therefore this might warrant further investigation. 
It has also not been established as to whether this is the optimum geometry or cue 
combination to facilitate reach to grasp actions within a VE, and it would seem unlikely to be 
so, and therefore further investigation into identifying appropriate target object properties 
with appropriate cue combinations could be pursued further.  
Whilst there is a clear effect of geometry on time to target there is no such clarity for object 
cue effects on arm elevation or the adoption of rigid systems as a strategy in reaching 
behaviour. 
The variability seen in arm elevation may simply be influenced by the VE not contributing 
enough visual realism and reliable cues, thereby still identifying it as a novel environment or 
circumstance for the individuals encountering it. As such it might still engender the rigid 
system behaviour among some individuals. In a related fashion the reaching behaviour may 
also be influenced by the confidence, interpretation and perception of visual cues that are 
absent, diminished or poorly simulated in the rendered and visualised VE. This coupled with 
individual perceptual variations in assigning different weightings of reliability and priority when 
making spatial judgements could also elicit such behaviour and might be expected to have a 
complex interaction with performance and reaching behaviour.  
To a certain extent then, from both a research and a rehabilitation context, it can be asserted 
that target object characteristics can influence reaching behaviour. If the aim of the 
intervention requires greater precision in acquisition, then the environment could be tailored 
to that task outcome and to the individual, however if the task requires arm elevation to be as 
minimal as possible for that individual and that task, then this may not respond consistently to 
changes in target object geometry and visual cues. Regardless, certainly for clinical 
applications, tailoring applications to the individual, the task outcomes, and the elements that 
contribute to those tasks within a VE, is not easily supported, as it would potentially require a 
lengthy assessment stage for each patient, before any effective intervention could be 
introduced and this is probably not viable in a rehabilitation context. 
Nevertheless the ability to manipulate object geometry to facilitate reaching to grasp 
rehabilitation aims or to support more generic upper limb exercise outcomes would be easy to 
implement. In this regard these findings may assist the progression and development of upper 
limb rehabilitation tasks in VR potentially reducing frustration and fatigue and thereby 
facilitating engagement with prescribed exercises and as such further investigation as to the 
effect of target geometry and visual cues on patient engagement with exercise regimens is 
warranted.  
Further investigation is recommended to establish the effect of target object geometry and 
visual cues on the terminal phase of reaching among a population with shoulder restriction 
and pain. 
144 
It is also possible that the arm elevation duration results are influenced due to using a healthy 
population in this study and that participants with neck and shoulder restriction might have 
given different results. Healthy individuals might potentially adopt a rigid system strategy for 
reaching for a relatively shorter period of time, that may simply be due to how individuals 
respond to the novel environment, and how quickly they adapt, without other contributing 
factors which might elicit a rigid system strategy such as pain, apprehension or fatigue, that 
would be more prevalent in a population group with chronic shoulder restriction and pain. 
Therefore it would be prudent to investigate this further with a population group with 
shoulder restriction and pain and might also warrant a longitudinal study to investigate 
whether both groups adapt over time and if so how rapidly. 
6.5. Conclusions 
This study confirms that object shape has a significant effect on the time taken to locate and 
grasp a virtual object in 3D space, and confirms that spherical balls and bubbles often used in 
upper limb rehabilitation games may not be the most suitable object shapes, prolonging the 
time taken to locate the object in space, and consequently increasing the risk of fatigue or 
disengagement during task performance.  
It is also the first study to demonstrate that improving the ability to locate and grasp a virtual 
object does not necessarily reduce the proportion of time the arm spends in elevation.  
It is also the first study to demonstrate that basic icosahedrons may function well as target 
objects with sufficient visual cues to facilitate performance in spatial determination and 
reaching to grasp actions to reduce time to target in the deceleration phase of reaching. This 
implies that spatial determination is sufficiently improved, to reduce the duration necessary 
for minor corrections in motion kinematics, to enable the hand to suitably contact the target 
object. Therefore from the user’s perspective it could be reasoned that the target now appears 
consistent with its perceived location, which may decrease frustration and disengagement 
issues as part of a therapeutic programme. The results suggest that icosahedrons may even 
convey sufficient visual cues to be comparable to realistic modelled objects in this regard. 
However, the range of potential geometries would need to be explored further in order to 
optimise the choice of target object. 
However, although there is much work still to be done before fully optimised virtual tasks can 
be designed, it is clear from these studies that it is possible to improve task performance and 
without increased computational load on the VR system by implementing some simple 
changes in the design of the target objects within the VE, which, as a component of the VR 
system, is commonly not considered in this regard.  
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7. Thesis Conclusions and Further work 
7.1. Thesis Context 
Prescribed exercises are a common element of conventional shoulder rehabilitation, active 
movements are generally encouraged to approach normal passive Range of Motion (ROM) 
limits, which necessitates motivating patients to attempt to actively move into the movement 
range normally restricted by pain or fear of pain. However, adherence to conventional exercise 
programmes remains poor, and alternative approaches are being investigated to improve 
engagement with therapeutic programmes. 
Virtual Reality (VR) offers the potential for augmenting conventional approaches in the 
rehabilitation of shoulder restriction due to its well documented effects of improving 
engagement and distraction from pain perception. However, there are a number of issues to 
overcome before this might be implemented. There has been little investigation to date 
attempting to measure active shoulder rotation whilst undertaking tasks with a rehabilitation 
context within the influence of an interactive Virtual Environment (VE).   
Furthermore, it is likely that the alterations to spatial and depth perception in VR and the 
visual characteristics of the virtual target objects commonly utilised may negatively impact 
reaching behaviour during therapeutic tasks, leading to unnecessary frustration and fatigue, 
but there is no systematic work investigating these issues and their implications. Thus the 
objective of this research was to investigate how factors within VR, including the visual 
characteristics of target objects in VR, influence upper limb motion behaviour.  
7.2 Contributions to Knowledge 
The findings from this investigation demonstrate that the visual characteristics of target 
objects can influence reaching and grasping behaviours and raises awareness of this otherwise 
neglected component of VR, the VE, its interactive objects, and functional tasks within it. As 
such this research establishes that the investigation of the effect of target object visual 
properties on perception and reaching behaviour is a valid area of research that warrants 
further investigation. 
In addition during the course of this investigation the results from development and the 
empirical studies make the following contributions to knowledge: 
7.2.1. A novel approach to tracking and evaluating active rotational shoulder ROM in 
VR. 
Most of the research to date in the field of VR for upper limb rehabilitation has focussed on 
movements which can be carried out within two planes of motion, rather than the 3 planes of 
motion involved in complex shoulder movements. Chapter 2 (Section 2.2.) identified the 
limitations of current rehabilitation approaches, both in VR and conventional therapy, in 
reliably and objectively evaluating active rotational shoulder ROM, and Chapter 3 (Section 
3.2.2.3) proposed a novel approach to evaluating shoulder rotational ROM in a VR task, based 
on proxy measures combining objective magnetic motion tracking with functional tests used in 
clinical practice. This approach was successfully implemented using only 2 surface markers, 
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which also operated the virtual camera and matched the display and the challenge to the 
user’s height making it easy to implement on participants ranging from children to adults. The 
use of a two marker system to comparatively evaluate changes in rotational ROM for the 
shoulder complex,  whilst it could not be said to give an accurate reading for the degrees of 
rotation attained, does serve as an objective means to discern changes in functional active 
rotational ROM in real time. As a relatively simple system to implement it could also 
potentially serve as a diagnostic aid as well as a means of assessing the efficacy of treatment 
interventions and rehabilitation progress, although further work would be needed to establish 
whether it could be regarded as a valid measure compared with conventional approaches. 
7.2.2. A novel eye-hand tracking algorithm to address the issue of reduced range of 
movement of the neck and shoulder. 
Individuals with neck and shoulder pain often have reduced head turning ROM and therefore 
compensate with increased range of eye movements, reducing the suitability of conventional 
head-tracking in VR. However, most VR rehabilitation environments either use conventional 
head-tracking algorithms or a static camera view. Chapter 3 (Section 3.2.2.4.) presents a novel 
tracking approach developed for this research, which can overcome some of the limitations of 
virtual camera views based on head orientation and position. Although previous research has 
demonstrated that eye gaze tends to follow a reaching hand and its intended target, this is the 
first time that a virtual camera has been developed to imitate this phenomenon.   
Although a formal comparative evaluation of this system against conventional head tracking 
has not yet been conducted, during the course of this investigation ninety five participants 
have used this system, including thirteen participants with mild musculoskeletal neck and 
shoulder pain, and five participants who had prior experience of VR head tracking. No ill 
effects were reported or observed, and all individuals appeared to use the system readily and 
with full acceptance, with some individuals assuming that conventional head tracking was 
being used. 
7.2.3. The effect of VR on the active rotational ROM of the shoulder among those 
with shoulder restriction. 
VR has been demonstrated to be a useful tool in reducing pain perception and engaging 
patients whilst performing therapeutic upper limb exercises. However, there has been no work 
to date looking at whether active rotational ROM for the shoulder can increase during a VR 
intervention. Therefore an empirical study was undertaken to investigate whether individuals 
with shoulder pain and restriction could improve their ROM, using the proxy measure 
identified in Chapter 3 (Section 3.2.2.3.). This is the first study to investigate the potential for 
VR mediated in-task effects on active rotational ROM for the shoulder. Participants completed 
all their therapeutic tasks with less pain and appeared to be engaged with the VE 
demonstrating that the VR system could be effectively employed to deliver such exercises.  
Nevertheless there was no significant difference, in the means or maximum rotations attained, 
in the population group overall, over this period. This demonstrates that simply including VR 
into a rehabilitation exercise programme does not guarantee increased performance in ROM 
during the task.    
However, on a case by case basis some participants consistently exceeded their maximum 
rotational ROM from the control condition while they were influenced by the VR condition 
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(Section 3.4.3.). This suggests that for some individuals or some conditions this approach can 
convey additional benefits other than just pain suppression or engagement and therefore 
shows potential for an augmented strategy for shoulder rehabilitation that warrants further 
investigation. Potential factors that may have influenced rotational ROM are identified 
(Section 3.4.4.) and further work is suggested. 
7.2.4. The effect of VR on the pain perception during active rotational ROM exercises 
for the shoulder. 
It had previously been demonstrated that VR can reduce the perception of pain during medical 
procedures or induced pain, but there is no work investigating the effect of VR on pain elicited 
during active rotational shoulder movements among users with shoulder dysfunction. The 
results of Chapter 3 (Section 3.3.3.) showed that there was a significant reduction of perceived 
pain from the pre-test to the post-test scores. This demonstrates that VR can provide a 
reduction in pain perception during prescribed therapeutic shoulder rotational ROM exercises 
which are often otherwise painful and a potential source of disengagement.  
Furthermore this study demonstrates that the pain perception reduction commonly associated 
with VR is sustained in action tasks that pass outside the user’s field of view. These finding 
have promising implications for extending the use of VR for upper limb movement 
rehabilitation even in painful conditions. 
7.2.5. The significance of depth perception issues in VR and their effect on the 
quality of upper limb movement behaviours.  
Whilst previous work has identified issues with depth perception in VR, its role in influencing 
movement behaviours during reaching and grasping tasks and their subsequent implications 
have not been examined or even robustly identified. A number of studies have endorsed VR 
within physical rehabilitation suggesting that movement strategies employed in VR are similar 
to real world behaviours. However, closer examination of the data from those, and 
subsequent, studies including those within this investigation (Section 3.4.4.), suggest that 
evident subtle differences may have more profound effects when considered in a 
rehabilitation context. This investigation considers the implications of spatial misperception 
within VR on the successful completion of reaching and grasping tasks. It thereby explores 
commonalities between previously unexplained observations of movement behaviour in the 
VR literature and that seen with pain and fatigue related behaviour as well as the adoption of 
upper limb rigid system kinematics in response to unfamiliar circumstances (Sections 3.4.4. & 
4.2.). In doing so it highlights some of the main factors implicated in this spatial misperception 
issue for VR use in rehabilitation context. 
7.2.6. Identifying inefficient “searching” behaviour in a VR reaching task. 
The study in Chapter 3 (Section 3.4.4.) examines aberrant motion during reaching tasks that 
have not previously been investigated and are largely unreported. This investigation offers 
potential explanations for sustained excessive arm elevation, and searching behaviour seen at 
the later stages of the reaching task, among some individuals and proposes further work to 
attempt to identify ways to reduce this otherwise deleterious movement strategy. 
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7.2.7. The effect of the visual cues and characteristics of target object geometry, on 
time-to-target durations within the deceleration to contact phase of reaching. 
The literature indicates that the visual properties of an object might have an effect on depth 
perception but as yet this has not been thoroughly investigated. Furthermore the implications 
for reaching and grasping tasks in VR have not been explored. This investigation demonstrates 
that intra object visual cues based on object geometry can influence the performance of 
obtaining target objects in a VR reaching task. There are no studies to date looking at the 
effect of the object’s visual properties on the time-to-target contact during the corrective 
deceleration to contact phase. Therefore key visual properties likely to affect absolute distance 
perception were identified from the literature, and empirical studies were conducted 
(Chapters 5 and 6) to investigate whether changing the visual properties of the target object 
affected the time taken to reach the target object. These are the first studies to demonstrate 
the significant effect of object geometry on time-to-target in VR. Notably this investigation 
establishes that simple spheres commonly used as target objects in VR studies are a 
detrimental influence on reaching performance whereas icosahedrons can be as effective as 
some potentially more realistic models.  
7.2.8. The effect of exaggerated increasing brightness characteristics of target 
objects with proximity, on time-to-target durations within the deceleration to 
contact phase of reaching. 
In addition this investigation considered the effect of using exaggerated increasing brightness 
on proximity as a proxy cue for imminent object contact cues to facilitate the perception of 
object closeness as seen in some video games. This is the first time this approach has been 
used and evaluated in VR prior to object contact as a way to facilitate reach to grasp tasks. 
However, the results of this empirical study showed that this approach had no significant 
effect time-to target. Therefore, the effect of object geometry cues, were more influential 
than altering the brightness cues of a target object on proximity.   
7.2.9. The effect of changing visual cues on arm elevation time. 
Despite assertions in the literature that movement is comparable in VR to movement in NPEs 
there is nevertheless some evidence in the same literature and from observations in this 
investigation to suggest that some individuals may be adopting a rigid system approach for 
upper limb motion in VR. 
Some sources in the literature indicate that this could be exacerbated by reduced confidence 
in spatial perception in VEs. It could be reasoned then, that enriching visual cues to facilitate 
spatial perception and thereby reducing the time taken to reach and acquire a target object 
would be associated with an improvement in the quality of the movement trajectory. 
However, there is no work investigating this. The study in Chapter 6 (Section 6.3.2.) is the first 
to demonstrate that improving the ability to locate and grasp a virtual object does not 
necessarily improve the quality of the trajectory, with the proportion of time the arm spends 
in elevation not being reduced with the use of more effective object cues. 
Based on the main findings of the empirical studies, this thesis adds to the understanding of 
how individual factors in VR influence shoulder rehabilitation tasks, and highlights areas where 
further work is necessary to support fully informed design of VR for shoulder rehabilitation. 
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7.3 Limitations 
Whilst the studies presented in this thesis provide new insight into the effect of object visual 
properties on reaching tasks in VR, certain limitations have been identified which require 
further work to validate and extend the findings to date. 
7.3.1 Chapter 3 range of motion study limitations 
The sample size in the range of motion study (Chapter 3) was quite small (n=9). This led to a 
relatively underpowered study, particularly in light of the between-subject variability.  A larger 
participant group would be required for more robust findings.  
This study used an objective proxy measure of rotation instead of the conventional 
goniometric measurement or the subjective Apley measure. With hindsight, it would have 
been useful to have recorded both a non-VR Apley score and a VR proxy measure of rotation 
before starting the counter-balanced experimental conditions, in order to establish baseline 
rotation performance.  
In addition, the counter-balanced study design, whilst serving to reduce any order effect on 
the results, may also have obscured any fatigue or learning effects on performance, and 
further work should be undertaken to directly investigate the effect of learning and fatigue on 
rotation task performance in VR. 
Furthermore, some of the aberrant reaching strategies observed in this study may have led to 
increased fatigue or hypertonicity in the shoulder musculature, affecting the quality of the 
results. A further study, taking into account the findings from the studies in Chapters 5 and 6 
to improve object acquisition, may serve to reduce the aberrant motion patterns which may 
lead to improved shoulder rotation, particularly with respect to internal rotation. 
Due to equipment restraints the use of tethered or wired magnetic tracking sensors may 
themselves have altered movement behaviours. Whilst every care was taken to ensure that 
they did not in any way restrict or inhibit motion directly, perceptual awareness of the 
presence of the sensors and wires on the arm may well have had an effect that has not been 
determined. It was also noted that the positioning of the “flock of birds” battery pack may 
have led to some alterations in natural arm movement. Repeating this study with a contra-
lateral pack placement and using a wireless marker system would reduce this potential 
confound.  
The necessity of using target objects that inherently have a colour created a less than ideal 
situation where colour options meant either adopting coloured objects with a known 
undesired influence or using colours whose potential influence, either neutral or undesired, 
remains unknown. As such the influence of the target object colour on the pre-movement 
planning prior to movement task initiation, including the shoulder rotational elements, 
remains uncertain. 
Finally, the narrative, whilst supporting engagement in the task, may have led to a reduction in 
internal rotation effort whilst “discarding” the red apples. A new narrative sequence closely 
considering such issues would be advised for further work.  
150 
7.3.2 Chapter 5 and 6 object visual cue study limitations 
The studies demonstrated a large variance within and between populations and thus these 
preliminary findings should be interpreted with caution. There was considerable variation in 
the data profiles within the participants groups in the visual cues studies with some individuals 
showing considerable deviation from the mean. It is possible that there may be individual 
participant characteristics which contribute to this variation.  A much larger sample size would 
be needed to allow meaningful analysis of these factors, and therefore a further study, using a 
larger study population, could be constructed to examine the contribution of age, gender, 
hand dominance and VR familiarity, to the task performance.  
In addition, whilst the results indicate that icosohedra reduce the time-to-target in the 
terminal phase of reaching, it has not been established whether this improvement is seen 
across the earlier stages of reaching, or whether it has an impact on the motion planning 
stage, and further studies are indicated to investigate the effect on these additional stages of 
the reaching tasks.  In addition,  whilst  the investigations have identified the icosahedrons as 
an object which improves target acquisition, this does not necessarily identify it as the 
optimum object geometry for reaching tasks, and additional  studies using alternate visual cues 
would be required to add further insight into this area. 
It should also be noted that these preliminary investigations were carried out on healthy 
populations and the results can not necessarily be extrapolated to clinical populations. Follow-
up studies with a participant population with neck and shoulder pain and restriction Is 
necessary before any firm conclusions can be drawn regarding the implications of design of VR 
tasks for shoulder rehabilitation tasks. 
7.4. Future Research 
A number of issues have been raised during the course of this research that warrant further 
investigation:  
Validation of active rotational proxy measure: The use of a two marker system to 
comparatively evaluate changes in rotational ROM for the shoulder complex was successfully 
implemented, whilst it could not be said to give an accurate reading for the degrees of rotation 
attained it does serve as an objective means to discern changes in functional active rotational 
ROM in real time. Since many diagnostic measures and evaluations, of shoulder rehabilitation 
progress, rely on comparisons of dysfunction and changes in ROM, rather than specific number 
of degrees of rotation recorded, (which have already been shown to be unreliable and subject 
to inter and intra tester variations) then further work is warranted to establish whether this 
could be considered as a valid proxy measure for comparative changes in rotational ROM in a 
clinical setting compared to conventional approaches. 
The effectiveness of VR on tasks that lie outside of the users FOV: The effects of VR are 
heavily reliant on visual immersion, however, rotational actions pass out of line of sight and it 
remains uncertain as to whether the effects will be sustained or diminished, as this was not 
conclusively established for rotational ROM. 
Could the effects of VR on pain, engagement and ROM be effectively conveyed, if a similar 
study were to be conducted, with visualisation of the task being displayed through a third 
person’s view, of their own upper limb motion, through the medium of an on screen avatar? 
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Establishing the effect of VR on active rotational ROM: An investigation into the effect of VR 
on internal and external rotation in cases of shoulder restriction with a larger statistically 
powered population size could now be conducted. Such a study could now allow for a longer 
extended period of familiarisation with reaching in VR to reduce the need for rigid system 
behaviour, appropriate narrative cues, changing the position of the battery pack, and using 
either asymmetric apples or icosahedrons for target objects. 
Validation of eye-hand tracking approach: The eye-hand tracking system adopted for this 
series of studies was successfully implemented and appeared to be an acceptable tracking 
solution for all participants. However, there has not yet been a formal study comparing this 
novel solution with traditional head tracking, and further work is proposed to investigate this 
further. 
Identifying colours and textures to facilitate depth estimation: 
The effect the colour and texture of target objects on distance estimation and reaching to 
grasp actions has received only limited investigation and a more comprehensive investigation 
would be welcome to establish optimum options for designing VR based tasks. 
The effect of colour variants on spatial perception has not been comprehensively evaluated. If 
motion paths are pre planned before the initiation of movement and rely in part on accurate 
spatial determination then the impact of target colours with ambiguous visual cues, on tasks 
that append to the main reaching task, remain uncertain.  
The effect of object geometry on quality and duration of early reaching phases: 
It remains to be seen whether the relatively diminished visual distance cues of spheres as 
target objects might affect the other stages of reaching or other aspects of spatial perception 
at distances beyond those involved for the deceleration phase, within the peripersonal or even 
extrapersonal space. 
It is not clear as to whether icosahedron geometry for target objects might have any influence 
on the trajectories or durations of other stages of reaching or even on distance perception. 
The shape changing on proximity results can be adequately explained with a rationale based 
on the relative effects of each of the two shapes concerned, however whilst this has been 
discussed it has not been shown to be the case through empirical study. 
The effect of interacting focal brightness on spatial perception: The effect of more realistic 
brightness changes in response to global illumination or local intense light sources on spatial 
determination and reaching has not been established. 
Optimising geometry for target objects: It has also not been established whether the 
icosahedron is the optimum geometry to facilitate reach to grasp actions within a VE, and 
therefore further investigation into identifying appropriate target object properties with 
appropriate cue combinations could be pursued further.  A range of potential geometries 
would need to be explored further in order to optimise the choice of target object. 
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The effect of object types on immersion and engagement: It has not been formally 
established what effect, if any, using icosahedrons compared to spheres or familiar objects, 
might have on perceived immersion or engagement. 
Implications of population demographic profiles on perception and reaching behaviours:  
In each of the studies inter subject variability was high, with certain individuals showing 
distinct differences in behaviour compared to the norm. Further investigation is recommended 
to identify whether any behaviours are associated with sub sets of the population. In this 
regard a larger study with richer demographic profiles should be undertaken considering 
participant age, gender, hand dominance and VR familiarity, to the task performance. A non-
linear covariate analysis  of variance of within subject differences as well as a longitudinal 
study of motor learning profiles with exposure to VR would be insightful and potentially 
clinically relevant to tailor VR intervention strategies. 
Implications for shoulder restriction groups: Further investigation is recommended to 
establish the effect of target object geometry and visual cues on the terminal phase of 
reaching among a population with shoulder restriction and pain. 
Further investigation is recommended to establish the effect of target object geometry and 
visual cues on the adoption of a rigid system and excess arm elevation reaching behaviours 
among a population with shoulder restriction and pain. 
Investigation of VR on rigid system behaviour: As the adoption of a rigid system behaviour for 
upper limb motion might be due to the uncertainties associated with a novel environment or 
circumstance then it would be appropriate to conduct a longitudinal study to investigate 
whether both groups adapt over time and if so how rapidly. 
As results for arm elevation duration were statistically underpowered, further investigation 
with a suitable study population size would also be recommended. 
7.5. Future Developments 
VR technology is rapidly developing and whilst much of this is driven by the entertainment 
industry its implications for rehabilitation hold considerable potential. Improvements in high 
fidelity visual outputs such as HMDs (e.g. Oculus Rift, Luckey, 2013) mean that this technology 
is now commercially viable for domestic use to a wider audience. Developments in 3DHDTV 
with almost commonplace integration of internet and game platform technologies, including 
various forms of motion tracking (e.g. Xbox Kinect, Leap Motion, Plafke, 2013a; Hay, 2013) 
means that the implementation of in-home VR is arguably already in place. The drive of the 
games industry and customer demand for gaming technologies with seemingly whole body 
interaction means that more mainstream accurate 3D motion tracking systems are likely to 
follow. In effect, in a relatively short space of time, immersive VR has moved from the domain 
of cutting edge research institutes and specialised training facilities, to fully integrated home 
entertainment systems. Therefore, the potential to administer prescribed and monitored 
telerehabilitation in an individual’s own home or work environment is much closer to being 
realised.   
Indeed such enhanced rehabilitation exercise programmes might not be restricted to the 
home environment with the advent of lightweight wearable computing and augmented reality 
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headsets (e.g. Google Glass, Lardinois, 2013) with relatively small cameras and motion trackers 
(e.g. Leap Motion, Hay, 2013) or edge tracking software coupled with ‘mobile broadband’, wi-
fi, Bluetooth, and GPS technology in mobile phones and the growing pervasive and ambient 
games community (Eyles & Eglin, 2008) such exercises may well be able to be incorporated 
into on-the-go gaming for recreational activities or even whilst commuting. 
Advances in graphical rendering software and hardware (Noguera & Torres, 2012) are bringing 
VR closer to seemingly veridical rendering and representation of VEs. Whilst these 
developments will undoubtedly enhance the immersive and engaging properties of VR 
rehabilitation systems they currently still rely on the eyes and brain to process images which, 
whilst appearing to be rendered at depth, in reality are rendered at a constant screen distance 
whether in HMDS or large flat displays.  Consequently the convergence-accommodation 
conflict encountered in VR is likely to persist, and thus many of the issues with accurate depth 
and distance judgements are unlikely to be fully resolved by such advances alone. Therefore 
object and visual cue issues described in this thesis are likely to remain of value for tasks that 
promote or demand accurate spatial determination and associated movement planning for the 
foreseeable future even as current technological advances are adopted and improved upon. 
Further implications of target object visual cues in stereo VR, outside of those discussed in a 
rehabilitation context, might present themselves in the concept of 3D virtual machine 
interfaces or library archiving, where console buttons or interactive elements, applications, 
files and 3D visual representations could be presented to the user stereoscopically, in layers, at 
depth, allowing a larger spatial representation of the workspace and physical mapping of 
actual arm reaching within the 3D navigable workspace (e.g. Space Top, Plafke, 2013b). In such 
a work environment accurate determination of the spatial location of interface tools would be 
vital to allow faithful interaction as well as reduce accurate response times (Fitts law, Fitts, 
1954). Such a system might have distinct advantages in disciplines ranging from surgical 
training, air traffic control, event monitoring, as well as digital preservation and archiving 
solutions.  
7.6. Closing Statement 
Despite previous assertions in the VR literature that movement is comparable to that in the 
real world, it is evident that visual representations in VR can influence spatial perception and 
movement, including reaching behaviour. To ensure that desired outcomes are met with 
reasonable consistency and comparable normal movement perhaps requires a level of fidelity 
and veracity that is not yet within current technical means for large scale implementation in 
VR. This does not diminish the efficacy of VR as a rehabilitation strategy to date but merely 
highlights the limits of its potential influence imposed upon it by current levels of technology. 
Such implications demonstrate that further developments in the visual veracity of VE are 
desired not only for immersion, presence or aesthetics but need to be considered for real 
implications on human behaviour, guided responses and efficacious interventions within VR. 
In the interim it is possible that findings from these studies could facilitate the development 
and implementation of efficacious rehabilitation and research VEs that concern distance 
estimation and upper limb reaching and grasping exercises, such as those seen in physical and 
neurorehabilitation. Through the manipulation of target object geometry and their visual cues 
that inform spatial determination it has been shown that the duration of the deceleration 
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phase of reaching with its adjustments to reaching trajectory to correctly align the hand for 
ultimately completing the grasping of a given target object, can be significantly reduced.   
If an individual’s confidence in their perception of the spatial location of interactive objects in 
VR can be improved then it can be reasoned that this could decrease frustration, fatigue and 
the risk of non-adherence to prescribed exercise programmes, and improve performance 
immersion and engagement.  
The changes to target objects are simple to implement within existing and developing VR 
approaches, without increasing complexity and also with potentially lower computational 
demands.  
This thesis raises awareness of this otherwise largely neglected area of VE design and thereby 
provides an opportunity for future optimisation of target objects for particular VR demands, as 
well as equipping designers, researchers and clinicians with informed choices over the design 
and incorporation of visual cues for a given study or rehabilitation aim. 
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Appendix (A) Documents for Study (Chapter 3) 
 
 
 
Participant Information 
 
Project Title: 
THE INFLUENCE OF VISUAL CUES ON PAIN AND MOVEMENT IN SHOULDER ROTATION 
REHABILITATION USING VIRTUAL ENVIRONMENTS 
 
Researcher:  Vaughan Powell, Department of Creative Technologies, Eldon Building West Wing, 
Winston Churchill Avenue, Portsmouth, Hampshire, PO1 2DJ 
Tel: 02392 845492 
Email: Vaughan.Powell@port.ac.uk 
Supervisor: Dr B. Stevens, Department of Creative Technologies, Eldon Building West Wing, 
Winston Churchill Avenue, Portsmouth, Hampshire, PO1 2DJ 
Tel: 02392 845482 
Email: Brett.Stevens@port.ac.uk 
 
 
You are being invited to take part in a research study.  Before you decide whether to 
volunteer, it is important that you fully understand why the research is being done, and 
what it will involve for you.  Please read the following information carefully, and if there 
are any parts you do not understand, or would like more information, please ask Brett 
Stevens or Vaughan Powell (contact details above). 
 
What is this project? 
This project is part of an ongoing series of investigations looking at the use of virtual 
reality as a potential method for aiding rehabilitation for those with ongoing shoulder 
conditions. 
180 
This study is investigating the relative influence of different means of representing 
simple virtual environments, using alternative screen displays, on the subsequent 
range of shoulder motion amongst those affected and unaffected by shoulder 
restriction, whilst they carry out a range of manipulation tasks in a simple interactive 
virtual environment. The tests will be carried out using virtual displays on large screens 
or worn headsets and the movements tracked by means of magnetic sensors on the 
participants arm. The test will be conducted in the Virtual Reality room in the 
department of Creative Technologies. 
 
How are participants chosen? 
A general invitation has been extended to staff and students in the department of 
Creative Technologies as well as in sports and therapy clinics.  Initially for this study we 
will need nine participants, who will be chosen at random from all suitable volunteers 
(see below).  We will keep a reserve list until the end of the study, in case further 
participants are needed. 
 
What if I change my mind? 
Taking part in this project is entirely voluntary, and you are not obliged to participate.  If 
you decide you would like to take part, you will be asked to keep a copy of this 
information sheet and to sign a consent form.  You are completely free to withdraw at 
any stage in the project, without giving a reason. 
 
If I take part, what will I have to do? 
It is anticipated that you will be needed for about 1hr 30 minutes in total but will be 
allowed up to 2hrs if you should need it. 
• You will be asked to wear magnetic sensors which will be attached to your skin 
by medical tape. You may also be asked to wear a head mounted display 
screen and if so this will be discussed with you beforehand. 
• You will be asked to carry out a series of movements demonstrated to you in 
order to calibrate the equipment 
• You will then be asked to reach out in your own time to objects that will appear 
on the displays around you and to grasp them with your hand and then 
maneuvering them to a collecting point just behind your shoulder. 
• If the collecting point cannot readily be reached the programme will allow you to 
release the object into the collecting point at your comfortable limit. 
• You will not be expected to turn around as the objects will all appear at various 
points in front of you 
• The calibration and reaching activity part of the test should take around 1hr and 
you will be offered, or may request breaks throughout. 
• After the tests, you will be asked to complete a standard questionnaire.   
• You may need a few minutes rest before returning to your normal activities. 
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Are there any risks? 
Since the tests involve physical activity: 
• People who suffer from any neck injury or problems that cause significant 
discomfort in the described activity might be unable to participate.  
• If you have suffered injury to your shoulder or arm since your recruitment to the 
study please inform the investigator 
• Furthermore if you have a heart condition, asthma or other medical condition 
which may be made worse by exercise then you will be unable to participate.  
 
• In addition, the 3-D animation may produce a slight strobe-like effect, posing a 
small risk to anyone suffering from visually-induced epilepsy or fits.  
• The Virtual Reality room contains strong magnets, which may cause problems 
for people with pacemakers, metal implants or shrapnel. 
 
You will be asked not to participate if you suffer from any of the above.  If you have any 
condition which you are unsure would be a problem, please let us know before signing 
the consent form. 
Although the study is not strenuous or dangerous, there are some potential side-effects 
from being exposed to 3-D animation.  Some people experience mild nausea similar to 
travel-sickness, and there may be some slight disorientation following the tests.  Both 
these effects are mild and only last a few minutes, but you will be asked not to leave 
until you have fully recovered. 
You will be free to stop the tests at any time, and there will be a qualified first-aider on 
call throughout the tests. 
 
Will my participation be confidential? 
The data from each participant in the study will be identified by a code rather than a 
real name.  Consent forms and questionnaires will be securely stored with access 
limited to authorised researchers. 
All the data recorded in the study is required to be kept for several years after 
completion, but will be securely stored in a form which will not enable identification of 
individual participants. 
 
What will the results be used for? 
The results of the study may be published in a journal or presented at conferences.  
They may be used as part of a post-graduate research thesis.   
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Who is funding this research? 
This project is part of a PhD research project funded by the Department of Creative 
Technologies at the University of Portsmouth. 
 
How can I find out more? 
If you have any questions, please contact Brett Stevens or Vaughan Powell (details 
given above). 
If you have any concerns about the conduct of the study, please contact Tony Kalus 
(Tony.Kalus@port.ac.uk) 
 
Thank you for taking the time to read this information! 
 
 
 
 
 
 
 
June 2008 
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Consent Form 
 
Project Title:  
THE INFLUENCE OF VISUAL CUES ON PAIN AND MOVEMENT IN SHOULDER ROTATION 
REHABILITATION USING VIRTUAL ENVIRONMENTS 
 
Researcher:  Vaughan Powell, Department of Creative Technologies, Eldon Building West Wing, 
Winston Churchill Avenue, Portsmouth, Hampshire, PO1 2DJ 
 
Tel: 02392 845492  Email: Vaughan.Powell@port.ac.uk 
 
Supervisor: Dr Brett Stevens, Department of Creative Technologies, Eldon Building West Wing, 
Winston Churchill Avenue, Portsmouth, Hampshire, PO1 2DJ 
 
Tel: 02392 845482  Email: Brett.Stevens@port.ac.uk 
 
Please read the accompanying information sheet carefully 
 before considering participation in this study 
 
1. I confirm that I have read and understood the information sheet for 
the above project, and have been given the opportunity to ask 
questions about it        
                                                                                                                       
 
2. I confirm that I am not suffering from epilepsy, asthma, heart disease 
or any other medical condition or recent injury which might be affected 
by participating in this project.      
                                                                                                                                    
 
3. I confirm that I do not have a pacemaker or other device which might 
be affected by electromagnetic radiation, nor have any metal surgical 
implants or shrapnel.        
 
184 
4. I confirm that I have informed and discussed with the investigator any 
shoulder injuries or upper limb conditions which might affect my ability 
to carry out everyday tasks without discomfort.    
 
5. I agree that the tests may be video recorded for later analysis, and 
relevant stills maybe published with recognizable features  
     obscured for confidentiality                    
6. I agree to participate in the above project    
                                                                                                                                    
 
7. I understand that I am participating on a voluntary basis and that I am 
free to withdraw at any time.        
 
8. I understand that I am not obliged to give any reason  
for such withdrawal        
9. I understand that neither I nor my dependants will have any claim in 
law on the University of Portsmouth or its employees for any injury or 
misadventure, except when such injury  
or misadventure is caused by negligence.     
 
 
____________________________ ______________ ________________________ 
 
Name of volunteer    Date   Signature 
 
 
 
 
____________________________ ______________ ________________________ 
Name of Researcher    Date   Signature 
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Appendix (B) Documents for Studies (Chapters 5 & 6) 
 
 
 
Participant Information 
 
Project Title: 
THE INFLUENCE OF VISUAL CUES ON LOITER TIME AND SPATIAL PERCEPTION IN VIRTUAL 
ENVIRONMENTS 
 
Researcher:  Vaughan Powell, Department of Creative Technologies, Eldon Building West Wing, 
Winston Churchill Avenue, Portsmouth, Hampshire, PO1 2DJ 
Tel: 02392 845492 
Email: Vaughan.Powell@port.ac.uk 
Supervisor: Dr B. Stevens, Department of Creative Technologies, Eldon Building West Wing, 
Winston Churchill Avenue, Portsmouth, Hampshire, PO1 2DJ 
Tel: 02392 845482 
Email: Brett.Stevens@port.ac.uk 
 
 
You are being invited to take part in a research study.  Before you decide whether to 
volunteer, it is important that you fully understand why the research is being done, and 
what it will involve for you.  Please read the following information carefully, and if there 
are any parts you do not understand, or would like more information, please ask Brett 
Stevens or Vaughan Powell (contact details above). 
 
What is this project? 
This project is part of an ongoing series of investigations looking at the use of virtual 
reality as a potential method for aiding rehabilitation for those with ongoing shoulder 
conditions. 
This study is investigating the relative influence of different means of representing 
simple virtual environments, using alternative screen displays, on the subsequent 
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shoulder motion amongst those affected and unaffected by shoulder restriction, whilst 
they carry out a range of manipulation tasks in a simple interactive virtual environment.  
The overall intent of this study is to find ways of improving range of motion at the 
shoulder whilst reducing the time taken to interact with objects in Virtual Reality due to 
distorted perceptions of distance. The tests will be carried out using virtual displays on 
large screens or worn headsets and the movements tracked by means of magnetic 
sensors on the participants arm. The test will be conducted in the Virtual Reality room 
in the department of Creative Technologies. 
How are participants chosen? 
A general invitation has been extended to staff and students in the department of 
Creative Technologies as well as in sports and therapy clinics.  
Participants can be male or female individuals aged between 18 and 60 and for this 
study should consider themselves to be normal healthy individuals with no shoulder 
restriction or pain. (If the findings of this study prove to be effective then a further study 
recruiting individuals with shoulder conditions will be initiated). 
Participants for this study can be left or right handed, and may wear glasses or contact 
lenses, but you may be excluded if you are assessed to be at risk due to medical 
pacemakers, metal implants, epilepsy or susceptibility to severe motion sickness or 
other conditions that could result in your discomfort or injury. 
We will ask you if you are prepared to have your details kept on a reserve list until the 
end of the study, in anticipation that further participants may be needed. But all details 
and subsequent data will be kept securely and in confidence. At the conclusion of the 
study (or upon withdrawal) or in any future publication of the research data, all personal 
details will be deleted. 
What if I change my mind? 
Taking part in this project is entirely voluntary, and you are not obliged to participate.  If 
you decide you would like to take part, you will be asked to keep a copy of this 
information sheet and to sign a consent form. You are still completely free to withdraw 
at any stage in the project, and are not obliged to give a reason. 
If I take part, what will I have to do? 
It is anticipated that you will be needed for about 1hr 30 minutes in total but will be 
allowed up to 2hrs if you should need it. 
• You will be required to fill out a questionnaire to assess whether you are at risk 
of motion sickness (this may exclude you from using the head mounted display 
part of the study) 
 
• You will then be required to have three magnetic sensors attached to your skin 
with double sided medical tape. (a loose short sleeved top is recommended as 
one of these positions is at the top of the shoulder) 
 
191 
• You may also be asked to wear a head mounted display screen, and if so this 
will need to be calibrated to you. 
• You will be asked to carry out a series of movements demonstrated to you in 
order to calibrate the equipment 
• You will then be asked to reach out in your own time to objects that will appear 
on the displays around you and to grasp them with your hand and then 
maneuvering them to a collecting point just behind your shoulder. 
• If the collecting point cannot readily be reached the programme will allow you to 
release the object into the collecting point at your comfortable limit. 
• You will not be expected to turn around as the objects will all appear at various 
points in front of you 
• The calibration and reaching activity part of the test should take around 1hr and 
you will be offered, or may request breaks throughout. 
• After the tests, you will be asked to complete a standard questionnaire.   
• You may need a few minutes rest before returning to your normal activities. 
• You should not take part in the Head mounted display part of the study if you 
are expecting to drive immediately afterwards as although we will try to screen 
out anyone who is susceptible there is a small risk that some people may 
experience motion sickness. 
 
Are there any risks? 
Since the tests involve physical activity: 
• People who suffer from any neck injury or problems that cause significant 
discomfort in the described activity will be unable to participate.  
• If you have suffered injury to your shoulder or arm since your recruitment to the 
study please inform the investigator 
• Furthermore, whilst the activity is not taxing, if you have a heart condition, 
asthma or other medical condition which may be made worse by exercise then 
you will be unable to participate.  
 
• In addition, the 3-D animation may produce a slight strobe-like effect, posing a 
small risk to anyone suffering from visually-induced epilepsy or fits.  
• The Virtual Reality room contains strong magnets, which may cause problems 
for people with pacemakers, metal implants or embedded shrapnel. 
 
You may be asked not to participate you suffer from any of the above. You will also be 
asked not to participate in the head mounted display part of the study if you are found 
to be highly susceptible to motion sickness. If you have any condition which you are 
unsure would be a problem, please let us know before signing the consent form. 
Although the study is not strenuous or dangerous, there are some potential side-effects 
from being exposed to 3-D stereoscopic animation.  Some people may experience mild 
nausea similar to travel-sickness, and there may be some slight disorientation following 
the tests.  Both these effects are mild and only last a few minutes, but you will be asked 
not to leave until you have fully recovered. 
You will be free to stop the tests at any time, and there will be a qualified first-aider on 
call throughout the tests. 
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Will my participation be confidential? 
The data from each participant in the study will be identified by a code rather than a 
real name.  Consent forms and questionnaires will be securely stored with access 
limited to authorised researchers. 
All the data recorded in the study is required to be kept for several years after 
completion, but will be securely stored in a form which will not enable identification of 
individual participants. 
 
 
What will the results be used for? 
The results of the study may be published in a journal or presented at conferences.  
They may be used as part of a post-graduate research thesis.   
 
Who is funding this research? 
This project is part of a PhD research project funded by the Department of Creative 
Technologies at the University of Portsmouth. 
 
How can I find out more? 
If you have any questions, please contact Brett Stevens or Vaughan Powell (details 
given above). 
If you have any concerns about the conduct of the study, please contact Tony Kalus 
(Tony.Kalus@port.ac.uk) 
 
 
 
Thank you for taking the time to read this information! 
 
 
 
 
 
 
March 2010 
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Consent Form 
 
Project Title:  
THE INFLUENCE OF VISUAL CUES ON LOITER TIME AND SPATIAL PERCEPTION IN VIRTUAL 
ENVIRONMENTS 
 
Researcher:  Vaughan Powell, Department of Creative Technologies, Eldon Building West Wing, 
Winston Churchill Avenue, Portsmouth, Hampshire, PO1 2DJ 
 
Tel: 02392 845492  Email: Vaughan.Powell@port.ac.uk 
 
Supervisor: Dr Brett Stevens, Department of Creative Technologies, Eldon Building West Wing, 
Winston Churchill Avenue, Portsmouth, Hampshire, PO1 2DJ 
 
Tel: 02392 845482  Email: Brett.Stevens@port.ac.uk 
 
Please read the accompanying information sheet carefully 
 before considering participation in this study 
 
1. I confirm that I have read and understood the information sheet for 
the above project, and have been given the opportunity to ask 
questions about it         
 
2. I confirm that I am not suffering from epilepsy, asthma, heart disease 
or any other medical condition or recent injury which might be affected 
by participating in this project.       
 
3. I confirm that I do not have a pacemaker or other device which might 
be affected by electromagnetic radiation, nor have any metal surgical 
implants or shrapnel         
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4. I confirm that I have informed and discussed with the investigator any 
shoulder injuries or upper limb conditions which might affect my ability 
to carry out every day tasks without discomfort.     
 
5. I agree that the tests may be video recorded for later analysis, and 
relevant stills maybe published with recognizable features  
     obscured for confidentiality                     
 
6. I agree to participate in the above project     
 
7. I understand that I am participating on a voluntary basis and that I am 
free to withdraw at any time.         
 
8. I understand that I am not obliged to give any reason  
for such withdrawal         
 
9. I understand that neither I nor my dependants will have any claim in 
law on the University of Portsmouth or its employees for any injury or 
misadventure, except when such injury  
or misadventure is caused by negligence.      
 
 
____________________________ ______________ ________________________ 
 
Name of volunteer    Date   Signature 
 
 
 
____________________________ ______________ ________________________ 
Name of Researcher    Date   Signature 
